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List of Calculations
Single TTPO molecule on closed packed gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .111
purpose: relax calculation to find tilt angle and low E position on gold
unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:

∼ 20 x 10 Å, 64 atoms
(241110)
∼ 400 Å (silly)
30/400
gaussian (default)
10−8
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)

5 TTPO molecules on close-packed Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
purpose: relax calculation starting from structure seen for 6 TTPO on steps to
mimic STM image of 5 molecule chain
unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:
other:

∼ 30 x 45 Å, 360 atoms
(421100)
(841110)
∼ 17 Å
30/default
fermi-dirac (0.001 Ry)
10−6
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)
simulated STM images used +0.9V bias
(841110)

Adsorption/binding energy of 1 TTPO on 4 layers Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .114

xxx

purpose: relax calculation of 1 TTPO, 4 layers Au, and 1TTPO with 4 layers Au.
For comparison calculations were run for 1DCP, 1DCP with 4 layers Au, 1PEN, and
1PEN with 4 layers Au
unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:
other:

∼ 20 x 10 Å
(481100)
∼ 30 Å
30/default
marzari-vanderbilt (0.001 Ry)
10−8
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)
dipole correction included when Au
present

2 TTPO molecules on 4 layers Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .115
purpose: relax calculation of 2 TTPO with 4 layers Au with only 1 Au layer fixed
and a dipole correction to find angle of assembly and distance from surface
unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:
other:

∼ 20 x 20 Å, 296 atoms
(221100)
∼ 30 Å
30/default
marzari-vanderbilt (0.001 Ry)
10−8
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)
dipole correction included

2 TTPO molecules on close-packed Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
purpose: 2 molecule relax calculations starting from STM-determined structure

xxxi

unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:

∼ 20 x 30 Å
(411100)
∼ 17 Å
40/400
fermi-dirac (0.001 Ry)
10−6
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)

Tilt of single TTPO molecule at step edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
purpose: two relax calculations of molecules tilted slightly towards or slightly away
from step to find angle of tilt
unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:
other:

∼ 20 x 30 Å, 108 atoms
(421110)
(621110)
∼ 17 Å
30/120
fermi-dirac (0.001 Ry)
10−8
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)
dipole correction tried with mv and
(621100)

6 TTPO molecules on Au step . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
purpose: relax calculation starting from STM-determined structure on step to determine angles and positions

xxxii

unit cell:
kpoints:

vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:
other:

∼ 20 x 40 Å, 312 atoms
(411100)
(421100) (521100) (521110) (522100)
(621100) (821110) (841100) (841110)
((10)41100)
∼ 17 Å
30/300
fermi-dirac (0.001 Ry)
marzari-vanderbilt (0.01 - 0.001 Ry)
10−6
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA) or (GGA)
iterations with dipole correction
simulated STM images used +1.1V
bias (841100)

3 TTPO molecules on close-packed Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
purpose: relax calculation using starting distances seen in 6 TTPO on steps in
different configurations
unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:

∼ 20 x 30 Å
(411100)
∼ 17 Å
40/400
fermi-dirac (0.001 Ry)
10−6
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)

Dual-offset on close-packed Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
purpose: relax calculation of starting from dual offset structure on flat Au instead
of steps

xxxiii

unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:

∼ 20 x 40 Å
(621100)
∼ 17 Å
30/default
fermi-dirac (0.001 Ry)
10−6
energy change < 0.0001Ry
total force change < 0.001
van-ak (LDA)

Offset 1 on close-packed Au . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
purpose: relax calculation of starting from offset 1 structure on flat Au
unit cell:
kpoints:
vacuum region (z):
wfc / rho cutoff:
smearing:
convergence threshold:
ionic relaxation:
pseudopotentials:

∼ 20 x 30 Å
(421100)
∼ 17 Å
30/default
fermi-dirac (0.001 Ry)
10−6
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ABSTRACT
The Directed Molecular Self-Assembly of a Novel Pentacene
Derivative on Gold Surfaces: An Experimental and
Computational Study
by
Amanda Larson
University of New Hampshire, May, 2015
Understanding electronic devices down to the atomic scale is essential for the development
of novel organic molecule based nanotechnologies. Utilizing scanning tunneling microscopy
(STM), new organic molecules can be imaged to understand their structural and electronic
properties at the molecular level. 5,6,7-trithiapentacene-13-one (TTPO) is a promising organic semiconductor with potential applications in high temperature photovoltaic devices as
an electron donor. My STM investigation of TTPO on the close-packed stepped Au(788)
surface reveals interesting nanoscale surface structures ranging from molecular chains at low
coverage to an ordered self-assembled monolayer. I have utilized density functional theory
(DFT) to further probe this unique 3-D angular assembly, where the long-axis of TTPO is
parallel to the gold surface, distinctive from previously observed pentacene and pentacene
derivative assemblies on surfaces. It is the lateral arrangement of the underlying pentacene
backbone of the molecule that is unique, causing the thiol substituent side of the molecule to
be angled down towards the gold surface, with the oxygen angled away. This arrangement

xxxix

of the molecule orientating the dipole of the molecule away from the surface could allow for
controlled tailoring of the interface. Combining imaging with density functional theory calculations allows for classification of these self-assembled structures with particular interest
being directed toward the interaction between TTPO and gold at this organic-metallic interface. DFT calculations were able to reveal structures more complex than initially envisioned
through STM imaging alone. Understanding of the structure of such interfaces can potentially guide nanoscale modifications for improved electrical transport and energy-conversion
efficiency in future devices. This dissertation examines the self-assembly of TTPO molecules
on gold from low-coverage molecular chains to monolayer coverage with the use of STM and
DFT methods.
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Chapter 1
Introduction
The title of this dissertation, The STM and DFT investigation of the molecular
self-assembly of 5,6,7-trithiapentacene-13-one on vicinal gold (788), contains
information and keywords that may not be clear for a reader outside of the field of surface
science. Surface science deals with the physics and properties that occur at surfaces, more
specifically you might say it is in part the study of interface physics. For this dissertation,
the surface is a single crystal of gold cut in a particular orientation, which interfaces with
molecules, specifically the 5,6,7-trithiapentacene-13-one (TTPO) molecule. It is the interaction of the two which results in the self-assembly (or creation of ordered structures without
outside interference) of the molecules atop the surface. This observable self-assembly does
not occur with just any combination of adsorbate (molecule) and substrate (gold); but, when
discovered, it is often associated with potentially useful interactions across the interface. Such
interfaces need to be explored for the purpose of understanding their implications in future
devices. The interaction at the surface of gold with TTPO molecules produces self-assembly
which is explored by scanning tunneling microscopy (STM) experiments and density functional theory (DFT) calculations in my dissertation. The title explains what the surface is gold, what it interacts with - TTPO molecules, what occurs - self-assembly, and how
1

it was examined - STM and DFT. The scale of this research is on the order of individual
molecules and atoms, and is only possible due to the scientific advancement in imaging from
the invention of the STM in the mid-1980s. Now, some thirty years later, my research into
a very specific molecule – metal system fits within a broader research initiative to understand
the interface between organic molecules and metal surfaces for the improvement of organic
molecule based devices. ’Nanotechnology’ is a word often used nowadays, sometimes incorrectly, because advances at the ’nanoscale’ have resulted in scientific and device progress
previously thought unimaginable. Fundamental research on this scale, such as this dissertation, has potential implications and uses for the continued advancement towards utilizing
’nanotechnology’. In this Introductory Chapter, I will explain molecular self-assembly and its
potential in organic electronics. I will introduce the motivation behind this particular study
and how this dissertation is structured.

1.1

Molecular Self-Assembly

Nanotechnology aims to create and use structures, devices and systems in the size range of ∼
0.1 to 100 nm, encompassing the atomic, molecular, and macro-molecular length scales [32].
Nanotechnology can be created using both top-down and bottom-up techniques. Similar to
ancient methods such as lithography, writing or stamping, top-down methods create features
down to the sub-100nm range using techniques like e-beam writing and advanced lithography [32]. Top-down methods impose a structure or pattern on the substrate being processed,
while bottom-up methods aim to guide assembly of components into organized surface structures through processes inherent in the manipulated system [32]. Bottom-up strategies are
essentially based on growth phenomena; self-assembly is a bottom-up strategy. Molecular
2

self-assembly is when molecules on a surface arrange themselves in an organized fashion that
is dependent on the fundamental properties inherent to the molecules and surface.

(A) Disordered Assembly

(B) Ordered Assembly

Figure 1-1: Diagrams of molecules on a surface. The disordered assembly of molecules (A)
would not be ideal for a layer in a device. Molecules exhibiting order (B) on a surface can
be classified as molecular self-assembly

In 1965, ”Moore’s Law” predicted that the growing demand for cheap, small, but faster
computers and devices would inevitably result in the end of the ”silicon road” [33]. The
miniaturization of integrated circuits being limited to several tens of nanometers using
conventional silicon technologies based on top-down lithography, leads to the necessity of
bottom-up techniques [1]. Building devices from the bottom-up, there is a considerable gap
between synthesizing individual molecules with tailored electronic structures and their use
in an electronic circuit connected to other devices. Besides creating an interface to the
macroscopic world, challenges include precisely positioning molecular building blocks such
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that they eventually form a functioning structure like wires and logic operators [1]. Individual molecular manipulation is too time consuming for mass production, so the evolution
of molecular electronics is dependent on creating complex structures in a predictable and
well-controlled manner. Molecular self-assembly, where structure formation is governed by a
balance between intermolecular and molecule-substrate interactions, is one of few promising
strategies for the advancement of nanotechnology. Molecular self-assembly is recognized as
a very promising strategy for creating tailor-made functional materials at solid surfaces –
extended 2-D molecular layers are already widely used, providing well controlled properties such as corrosion resistance, surface super-hydrophobicity, and antifouling coatings [1].
Molecular self-assembly bears potential for engineering more advanced structures with high
degrees of complexity.

Figure 1-2: Thiol molecules adsorb on the substrate and order due to intermolecular interactions. Image taken from Ref. [4].

It is necessary to understand that not all molecules put on to a surface will orderly
self-assemble; it is a delicate balance between forces acting at the nanoscale that causes
this phenomena. Molecular self-assembly is highly dependent on the fact that we are at
the nanoscale, where surfaces and molecules can act differently than anticipated. Materials
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at the nanometer scale possess unique chemical and physical properties compared to their
bulk or isolated atom and molecule counterparts. The thermodynamic, kinetic, mechanical,
optical, electronic, magnetic and chemical properties can be significantly altered relative
to the bulk [34]. The large surface-to-volume ratio and high density of states introduced
by defects and dangling bonds, called the surface effect, has a role in the properties and
reactivities of nanomaterials [34]. Many surface atoms are more reactive than the bulk
material; this enhanced surface reactivity tends to reduce the thermal as well as photostability of materials [34]. Understanding and controlling reactivities of nanomaterials is
crucial for potential applications.
In general, the electronic energy levels and density of states (DOS) determine properties of
materials– optical and electronic, as well as their functionalities [34]. As an added complexity
for nanoscale materials, energy levels and DOS vary as a function of size. For molecular
adsorption and possible self-assembly, it is the surface local density of states (LDOS) that
matters, not the substrate DOS [35]. For example, the surface ’geography’ of a material
can be as important as what the bulk material is in terms of how adsorbed molecules act.
Diffusion of an atom over a terrace will have a lower energy barrier than the diffusion along
an edge or crossing of a corner, and the descending over an edge to a new terrace is often
energetically more costly than diffusion across the initial terrace [32]. The surface ’geography’
of terraces would affect the self-assembly of adsorbed molecules. The surface mobility of the
molecules, their lateral interactions and their coupling to the surface are crucial parameters
for self-assembly [32]. The chemical nature of the system, the atomic environment and the
symmetry of the substrate can be used to ”tune the delicate balance of lateral interactions
and molecule-substrate coupling in order to steer supramolecular organization towards the
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desired structure” [32].
Energy conditions to be fulfilled for molecular self-assembly:

Eb > Einter ≥ Ekin > Ed

(1.1)

Sufficient kinetic energy Ekin is necessary to overcome the diffusion barrier Ed imposed by
the surface. The kinetic energy Ekin of the molecule must not exceed the binding energy Eb
of molecules on the surface, otherwise desorption occurs. Understanding the intermolecular
interaction energy Einter is tricky and is crucial in the formation of ordered structures. If
the interaction is weak, molecules possess sufficient energy to move all around the substrate
surface with little molecule-molecule interaction to find an energetically favorable surface
position or equilibrium structure in a global minimum. If the interaction is strong, molecules
stick together preventing the formation of any ordered structure; but, the interaction must
be strong enough to allow for a stable self-assembled structure. Molecular self-assembly can
only be achieved when the intermolecular interaction energy Einter is of the same order as
the kinetic energy Ekin of the molecule, being only slightly larger [1]. There are a great
many interactions, Table 1.1, that come into play in a myriad of different ways that result
in different self-assemblies.
There are two ways for molecules to adsorb on a surface: chemisorption and physisorption. Physisorption of molecules is based on non-covalent van-der-Waals type interactions,
where structures formed are considered self-assembled. Chemisorption is stronger than physisorption, involving the creation of covalent bonds with the surface, with diffusion barriers becoming very large for chemisorbed molecules [1]. As such, ordered structures of
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Table 1.1: Intermolecular interaction types with typical energies and bonding lengths. These
values can vary depending on different systems and be used for controlling molecular selfassembly. Adapted from Ref. [1].
Interaction Type

Strength

Bonding Length

van-der-Waals
∼0.1 eV
< 1 nm
Hydrogen bonding
0.1-0.5 eV
0.2-0.35 nm
Electrostatic
0.1-3 eV
up to several nm
Dipole-dipole
0.1-0.5 eV
0.2-0.3 nm
Metal complexation
1-3 eV
0.2-0.3 nm
Substrate-mediated
0.1-1eV
up to 7 nm
Reconstruction-mediated
∼1 eV
short, system reliant

Nature
Non-selective
Selective, directed
Non-selective
Directed
Selective
Oscillatory
Covalent

chemisorbed molecules on surfaces are usually not governed by intermolecular interactions,
but solely by strong chemisorption energies. Covalently bound molecules are not usually
considered a molecular self-assembled structure, but rather a classical superstructure like
atoms/small molecules (i.e. oxygen) on metals forming structures [1]. However, there are
self-assembled monolayers (SAMs) that are described as chemisorbed. An activation barrier
exists between a weakly bound physisorbed molecule and the chemisorbed state; utilizing
thermal energy (e.g. increasing substrate temperature), this energy barrier may be overcome,
resulting in chemisorption [1]. The archetypical self-assembled monolayer (SAM), alkanethiols on gold, involves a covalent S-Au bond, with several indications suggesting restructuring
of the underlying gold substrate (i.e. diffusion of the molecule-substrate atom entity) [1, 36].
For SAMs, there is usually a distinct temperature regime for monolayer (ML) growth and
molecular coverage influences the final self-assembled structure. Details on previously reported molecular self-assemblies are given in Chapter 2, a drawing of an example thiol SAM
is given in Figure 1-2.
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1.2

Organic Photovoltaics

Figure 1-3: Simple p-n junction for silicon doped with phosphorus and boron. When light
shines at the interface, an electron-hole pair is created, prompting a current to form.

In 1954, Chapin, Fuller and Pearson introduced a new silicon p-n junction for converting
solar radiation into electrical power [37]. In a standard silicon p-n junction, Figure 1-3,
P-doped silicon with its extra conductance electrons interfaces with B-doped silicon, which
possesses holes or vacancies. When light is introduced at this junction, the creation of a
hole-electron pair at the interface will produce a current through connected electrodes. In
semiconductors, light can excite electrons across a small band gap from the valance band to
the conduction band; analogous to this, for a small organic molecule, light can excite electrons
across the HOMO-LUMO gap from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) in the molecule, Figure 1-4. Different molecules
have different HOMO-LUMO gaps, and as such different semiconducting properties.
For small molecule organic bilayer photovoltaics, the donor-acceptor interface is essentially a p-n junction, Figure 1-5. Ideally a donor molecule would have a HOMO-LUMO gap
8

Conduction Band

LUMO
HOMO-LUMO
Gap

Small Band Gap

EF

HOMO

Valance Band

(A) Semiconductor

(B) Small Molecule

Figure 1-4: (A) Band diagram for a semiconductor. Electrons travel across a small band gap
from the valance band to the conduction band given enough energy. (B) Band diagram for
a small molecule. Electrons travel from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO) across the analogous HOMO-LUMO gap.
In both cases light excites electrons across the gap.
on the order of the wavelength of light (∼ 1–4 eV), and an acceptor having a high electron
affinity would have a LUMO lower than that of the donor. As with the p-n junction, where
recombination occurs only in the vicinity of the interface, the donor-acceptor interface has
an active layer with diffusion lengths of ∼10 nm. In general, photovoltaic energy conversion
requires photon absorption across an energy gap, charge separation, and charge transport to
the electrodes, Figure 1-6.

TRANSPARENT ELECTRODE
ACCEPTOR

DONOR
ELECTRODE

Figure 1-5: Drawing of bilayer photovoltaic device. Bottom electrode could be gold, donor
molecule could be a pentacene derivative, acceptor molecule could be C60 , and transparent
electrode could be indium tin oxide or graphene.

Lightweight and flexible organic photovoltaic (OPV) technologies, such as organic solar
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Path of Electron

LUMO
Excitation

LUMO

HOMO
HOMO

Path of Hole

CATHODE

DONOR

ACCEPTOR

ANODE

Figure 1-6: At the interface of the donor and the acceptor, light can excite an electron
from the HOMO to the LUMO of the donor molecule. This electron can then move to
the lower energy of the acceptor LUMO and will ultimately end up at the anode, i.e. the
electrode. The hole left in the donor moves in the opposite direction to the cathode, i.e. the
other electrode. This charge transport is necessary for photovoltaic energy conversion. The
material used for the anode or cathode is chosen appropriately for the donor and acceptor
species used.
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cells, organic thin film transistors and organic light-emitting diodes, offer low-cost manufacturing alternatives to conventional silicon-based technologies. With expensive silicon-based
solar cells approaching the theoretical maximum conversion efficiency of 29% (current 25%),
organic small molecule based solar cells with efficiencies of 12% are a promising alternative [5]. Figure 1-7, from the Research Cell Efficiency Records of the NREL, shows the
current standing of solar cell research for verified standard test spectra and reporting conditions [5]. In particular, in the last 15 yrs, new organic solar cell technologies have a strong
foothold for a relatively new direction for solar cell research. But, with efficiencies still below
silicon-based solar cells, research is necessary to address the efficiency problems overshadowing their other positive benefits to the technology. Some of the best organic solar cells are
small molecule based thin-films, like those of Heliatek [38]. Basic small molecule solar cells
consist of electron donor (e.g. pentacene) and electron acceptor (e.g. fullerene) layers interfaced with metallic electrodes. By understanding the structure of organic molecule-metal
interfaces, solutions to increase conversion efficiency can be addressed at a fundamental level.
A heterojunction is an interface between any two solid-state materials with differing
band gaps. (The opposite would be a homojunction – differing materials with the same
band gap.) Structural integrity and uniformity of semiconductors across different interfaces
is highly desirable for optimal device performance, but difficult to achieve. The structural,
chemical, and electrical properties of the interface, to a large extent, determine charge carrier
injection and device stability, which is immensely important for technological applications
[35]. Performance of organic multilayer devices (including those already on market) depends
critically on energy barriers that control charge transport between layers [39]. These barriers
are determined by relative alignment of molecular levels at metal-organic and organic-organic
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Figure 1-7: Conversion efficiencies of best research solar cells worldwide (1976-2015) for
various photovoltaic technologies. This plot is courtesy of the National Renewable Energy
Laboratory, Golden, CO. [5]
12

interfaces.
With research focusing all the way down to the possibility of single molecule devices,
the metal-organic interface within molecular electronic devices is crucial. With utilizing
STM for demonstrating and probing electron transport through individual molecules, things
like an electrical single atom switch can be made (e.g. Xe atom at cryogenic temperatures)
[40]. There is an observed dependence of this metal-molecule-metal junction resistance on
the chemical structure of the molecule, its conformation in the junction, and its chemical
binding to the electrodes [40]. For mono-molecular electronics (MME), which were suggested
in the early 1980s, tunneling is one way to overcome the limits of the ballistic transport
regime, by utilizing a network of tunneling pathways defined by atomic or molecular wires
[40]. It is necessary to optimize electrical contacts between the end of molecular wire and
metallic electrode. The metal-molecule contact results from the mixing of the end part of
the wire’s molecular orbitals (HOMO, LUMO, and others) with the surface metallic orbitals
of the contacts; the resulting extension of the metallic wavefunction of the electrode into
the molecular wire can be viewed as a doping effect without introducing states into the
HOMO-LUMO gap [40].
The self-assembly of organic molecules, such as pentacenes and fullerenes, have technological potential for organic photovoltaic (OPV) applications. By focusing on the self-assembly
of organic molecules on metallic surfaces, we are looking at the organic-metal interface as a
means of addressing efficiency problems at the nanoscale for OPV devices. It is the understanding of the structure of photovoltaic heterojunctions at the nanoscale that can allow for
tailoring of interfaces with better electrical transport and subsequent efficiency.
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1.3

Motivation

Understanding electronic devices down to the atomic scale is essential for the development
of novel organic molecule based nanotechnologies. For organic solar cells where photon
energy is converted through processes occurring between individual molecules and atoms, it
is beneficial to be able to ’see’ the interactions taking place at this scale. Through the use of a
state-of-the-art scanning tunneling microscope, I image new organic molecules to understand
their structural and electronic properties at the molecular level. By focusing on the promising
molecule TTPO, my dissertation examines this unique organic molecule on a metal surface
at the nanoscale, with the motivation of improving the energy conversion efficiency in this
model organic photovoltaic interface. My fundamental research on understanding TTPO at
the molecular level can potentially be used for the tailoring of promising photovoltaic devices
with dramatically increased efficiency.
For certain types of organic solar cells, small molecules such as pentacene have been investigated down to the nanoscale. But, with new pentacene derivatives being developed that
overcome the significant drawbacks of pure pentacene, many of which inhibit the efficiency
of its use in electronic devices [41], new studies are necessary. Developed in the chemistry
group of Prof. Glen P. Miller at UNH, the new molecule TTPO has beneficial properties
including increased lifetime out in the sun and uncommon stability in high temperature applications [3]. My dissertation on this promising new molecule will be an interdisciplinary
study incorporating surface analysis, with chemical understanding and theoretical structure
calculations.
In my dissertation, I examine the ’molecular self-assembly’ of TTPO on a gold surface.
Self-assembly gives insight into the dominating forces at work at the molecular level, and an
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understanding of the complex interaction between the TTPO molecules and the gold surface.
By classifying these interactions, my dissertation proposes to use TTPO on gold as a model
organic molecule-metal electrode interface. By giving context to my research, by relating
it to physical devices, I hope my research will have a broader impact beyond fundamental
surface physics research.
In order to achieve the atomic resolution necessary to see individual TTPO molecules,
sample preparation and experimental imaging was precisely controlled under clean ultrahigh
vacuum (UHV) conditions. Our in-house STM is a powerful tool for imaging individual
molecules and atoms based on quantum mechanics (Nobel Prize, 1986). The hundreds of
room-temperature STM images collected for my dissertation research can be envisioned as
a topographical representation of the structure of TTPO and the gold surface. The TTPO
molecules self-assemble on top of the gold surface steps, and by imaging this interaction
between the molecules and the surface I gain a better understanding of the interface between
the two. Imaging has revealed the unique complexities of this assembly, with TTPO aligning
itself on the surface in an unexpected way never seen before for pentacene or its derivatives.
The 3-D parameters for this assembly cannot be determined through 2-D STM experimentation alone, so my dissertation on TTPO incorporates a theoretical study. By furthering
my understanding of this unique assembly through use of computer modeling, I round out my
research by relating theoretical results to what I have achieved through experiment. With
use of a high-performance computer cluster, I model this system using density functional
theory, a computational method for studying molecular structures and electronic properties
at the atomic level. The goal of the calculations were to gain an understanding of what I
believe to be a complex 3-D assembly of the TTPO molecules incorporating their unique
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molecular and electronic properties.
My dissertation research began as part of a collaboration belonging to the NSF Center
for High-rate Nanomanufacturing [42] between UNH, University of Massachusetts – Lowell
and Northeastern University. The directive of the center was to develop tools and processes
that enable high-rate/high-volume, bottom-up nanoscale directed assembly of nanoelements
and polymer nanostructures. The center fostered the collaboration between myself and the
chemist who created the new TTPO molecule. Developing my research within the center has
also allowed me to incorporate scientific outreach into research. Before working with TTPO,
there were other molecules and surfaces, which I examined for possible self-assembly.

My research objectives could be described as follows:
1. create self-assembled structures utilizing new pentacene derivatives.
2. explore the self-assembled structures and their formation mechanisms.
3. study their electronic and structural properties.
4. relate these structures to possible applications in devices.
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1.4

Dissertation Structure

• Chapter 1 - introduce how this dissertation fits into nanotechnology research on
molecular self-assembly for organic photovoltaic applications.
• Chapter 2 - background on gold as a substrate, pentacene and it’s derivatives, and
the adsorption of relevant molecules on surfaces.
• Chapter 3 - introduce the experimental techniques used in this dissertation, including
general theory and instrument specifics.
• Chapter 4 - introduce density functional theory (DFT) and provide detailed used of
Quantum ESPRESSO package for future reference.
• Chapter 5 - present the study of TTPO molecules adsorbed on gold at less than a
monolayer (ML) coverage using both STM and DFT techniques.
– The research presented in this chapter will be submitted as a peer-reviewed journal
article. – Larson, A. M., Tang, J.-M., and Pohl, K. Molecular chain growth of
TTPO molecules on gold at low coverage and room temperature. In Preparation.
• Chapter 6 - present the self-assembled monolayer (SAM) found on vicinal gold using
both STM and DFT techniques.
– The research presented in this chapter will be submitted as a peer-reviewed journal
article. – Larson, A. M., van Baren, J., Kintigh, J., Wang, J., Tang, J.-M.,
Miller, G.P., and Pohl, K. DFT and STM investigation of TTPO SAM on vicinal
Au(788). In Preparation.
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• Chapter 7 - summarize the main results and the significance of this dissertation
research and present a direction for future work.
• Preceding and following each chapter are sections in italics. These sections I use to
introduce and summarize important aspects of the chapter.
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Chapter 2
Background: Gold, Pentacene and
Pentacene Derivatives
My dissertation research aims to understand aspects of the self-assembly of TTPO molecules
on vicinal gold. Understanding the self-assembly of a particular molecule on a particular
surface is not very useful unless you can put it into context. The first step towards this context
is by researching and understanding complimentary systems and their features. You have to
be able to adequately describe components of your system on their own before you attempt any
new research on them interacting. Besides necessary chemical and structural understanding
of the TTPO molecule, background research on molecules with similar structures can be very
useful: pentacene molecules, other pentacene derivatives and molecules with aspects similar
to TTPO. The substrate material gold and its many forms must be researched as well as
known interactions of complementary molecules and surfaces. It is important to remember
that TTPO molecules were first synthesized at UNH by our collaborators, so all research on
this molecule is new and uncorroborated. The authenticity of my findings and implications
of their uses must be looked at subjectively in regards to similar known systems. You would
not expect behavior completely foreign from similar systems, but that is not to say there will
19

be no surprises. Working at the quantum scale, there is a certain degree of uncertainty due
to small, maybe unconsidered, forces acting differently than expected. This research must be
verified and put in context by understanding similar systems. In this chapter I will present
background research on materials and previous studies useful for understanding this particular
system.

2.1

Gold as a Metal Substrate

Gold is a well-studied material, ideally suited for surface science experiments and STM
imaging. Bulk gold is a face-centered cubic metal, with atoms packed in hexagonal layers [43].
Face centered cubic (FCC) and hexagonal close packed (HCP) are two different ways of
arranging hard spheres to minimize interstitial volume [43]. The work function of gold is ∼
5.1 – 5.47 eV and can be altered with the addition of adsorbates. A single crystal of gold can
be cut in various directions to reveal different surfaces and terraces, Figure 2-1. Miller index
notation is used to describe and label the different surfaces of crystals. The three-integer
notation is based off of reciprocal lattice vectors [44].

2.1.1

Au(111) and the Herringbone Surface Reconstruction

The topography of a clean, well-annealed Au(111) surface is characterized by large, atomically flat terraces, which often extend over many hundred Ångstroms, separated by mostly
∼ 2.4 Å high monatomic steps [45]. To minimize surface free energy, Au(111) reconstructs
to the herringbone reconstruction, Figure 2-2 and 2-3, in which periodically arranged stress
domains form due to surface atoms occupying both HCP and FCC sites [46]. Terminating
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Figure 2-1: Diagram showing different vicinal surface directions in FCC gold crystal with
respect to the [111] plane in the [01̄1] crystal direction. From the horizontal (111) plane, vicinal surfaces are drawn as angled lines representing the angle and miscut direction associated
with that surface. Cut along the [2̄11] direction, vicinal surfaces have {111} steps; while the
[21̄1̄] direction, vicinal surfaces have {100} steps. Adapted from Ref. [6] and Ref. [7].
the gold crystal in the (111) surface leaves the top layer in compression by ∼ 4% with respect
to the layers below due to the accommodation of additional Au atoms [9]. This compression
in the [11̄0] crystal direction, results in one extra atom per unit cell, because two partial
misfit (Shockley) dislocations add 0.5 atoms each at the boundary between the FCC and
HCP regions [47]. These boundaries result in three possible 120◦ rotational domains of the
zig-zag-like reconstruction pattern [9]. The three different rotational domains reflect the
3-fold symmetry of the underlying FCC(111) structure [45]. The zig-zag ’elbows’ of the herringbone reconstruction contain the partial dislocations. These stress domains separated by
solition walls correspond to greater contrast in STM images, Figure 2-3 [46]. Local changes
in the electronic density of states also accompanies this superlattice formation [48].
Au(111), as an unreconstructed surface has energy of 1.04 J/m2 , but reconstructs to
√
the Au(111) (22 ± 1) x 3 superlattice [43]. This is possible because both HCP and FCC
sites have very similar energies of occupation, HCP has only 1 mRy per surface atom more
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Figure 2-2: Drawing of the herringbone reconstruction [8]

Figure 2-3: STM image of Au(111) surface: (a) reconstructed as a large scale misfit dislocation network; (b) inset showing Shockley partial dislocations as bright strips with alternating
FCC-HCP-FCC areas bounded by atoms sitting on the bridge sites along [112̄] direction.
This image is adapted from Ref. [9].
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energy, leading to the observed surface contraction [43]. The estimated electron potential
energy difference between FCC and HCP is 25 ± 5 mV [48]. For this rectangular unit cell
(63 x 4.7 Å2 ), 23 Au surface atoms sit across 22 bulk lattice sites per unit cell [45]. This
can clearly be seen in Figure 2-4. The average length of the solition wall boundary between
2 elbow sites is 12 ± 3 nm, 120◦ [46]. As the low energy minima, FCC domains are bigger
than those of HCP [46]. The HCP region has a width of 25 Å, while the FCC region is 38
Å wide [48].
(A) Top View

(B) Profile View

Figure 2-4: (A) Top view of bulk FCC√Au(111) and herringbone (22 x
(B) Profile view of herringbone (22 x 3) reconstruction.

√
3) reconstruction.

Platinum (111) is the only other clean metal surface to reconstruct in a similar misfit
dislocation network. Though many semiconductor surfaces reconstruct, dangling bonds make
them chemically and structurally less stable [9]. As two different phases coexist on the
Au(111) reconstructed surface, forces give rise to atomic displacements in the whole crystal
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due to elastic relaxations (as described by the elastic continuum model) [49].

2.1.2

Vicinal Surfaces - Au(788)

Surface defects, like steps, often act as preferential sites for adsorption, as they represent a
disruption in surface periodicity. With steps, perturbing the 2-D electronic structure leads
to both positive and negative changes in the local adsorption energy [50]. Vicinal surfaces
are regularly stepped surfaces that are generated by a slight miscut with respect to a lowindex plane [51]. For most Au(111) vicinals, reconstruction leads to a faceted structure, but
Au(788) is stable against faceting [6,52]. Faceting occurs when an unstable surface rearranges
to a hill-and-valley structure [49]. As used as a substrate, Au(788) can potentially facilitate
the self-assembly of adsorbed molecules.
Au(788) is a high-index surface, a Au(111) vicinal with a miscut angle of 3.5◦ towards the
[2̄11] direction (composed of {111}-like steps) [6, 52], see Figure 2-1. Each terrace consists
of 16 atomic rows, is 3.9 nm wide and 0.235 nm high [6]. The periodicity of the herringbone
reconstruction on Au(111) is lower (∼ 63 Å) than that of the herringbone reconstructed
Au(788) terraces (∼ 72 Å). On Au(788), the domains are not straight, but form the characteristic zig-zag pattern, Figure 2-5 [6,52]. The lines form ’V’ shapes within the terraces, and
are perpendicular at the step edges. FCC domain width decreases near the upper part of a
step, and is larger near the bottom, such that the step edge is closer to that of bulk gold [6].
The stepped geometry of the Au(788) surface has interesting electronic and structural features. The Au(788) surface state has a 1-D character, with free-electron like dispersion along
the terraces and total confinement between two steps in the perpendicular direction [52–54].
Steps act as infinite potential barriers, such that electrons are confined within terraces.

24

Figure 2-5: STM image of Au(788). Steps descend from top of image, with herringbone
reconstruction pattern visible.
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Au(788) can be described as an 1-D infinite quantum well of width equal to its terrace-width
periodicity (L = 38.7 Å) [52,53]. This electronic character can be analogue to how adsorbed
molecules sometimes act on terraces. Stepped surfaces with small terraces can help facilitate
certain adsorption geometries or long range order less favorable for larger terraces; e.g. distinct three-fold symmetric domains may form on wide Au(111), where only one may form on
a single Au(788) terrace. Vicinal surfaces do not automatically serve as templates for regular
and periodic adsorption patterns; self-assembled design requires adequate combination of adsorbate and substrate. For example, 3,4,9,10-perylenetetracarboxylic-dianhydride (PTCDA)
on Au(788) and (778) form no self-assembled monolayer reflecting substrate periodicity, but
on Au(433) molecule chains form along the step edges [55].

2.2

Pentacene and its Derivatives

Pentacene is popular as an electron donor in organic photovoltaic devices [56–58], but it
does have drawbacks. Many STM studies of pentacene on gold surfaces have been reported
[23,59–61], but with new pentacene derivatives emerging as promising candidates for organic
electronics detailed STM investigation is necessary. Pentacene derivatives overcome the low
solubility, lack of thermal stability and low photo-oxidative resistance of pure pentacene [41].
The pentacene derivatives synthesized by Professor Miller’s group at UNH provide new and
interesting species for molecular self-assembly experiments in ultrahigh vacuum (UHV). By
our STM examination of these derivatives in monolayer form on Au, we are examining the
basic and fundamental electronic interface of the derivative film with a metal surface.
For derivatives, steric hindrance, electronic effects and positional location of substituents
is key in determining HOMO-LUMO gaps and photooxidative resistances [41]. The most
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(A) PEN

(B) PQ

(C) DCP

(D) TTPO

Figure 2-6: Structural diagrams of pentacenes with their abbreviations. (A) Pentacene (B)
Pentacene quinone (C) 6,13-dichloropentacene (D) 5,6,7-trithiapentacene-13-one [10–13]
reactive ring on pentacene is the center ring, so many derivatives are center-ring-symmetric.
Figure 2-6 presents schematic drawings of pentacene and some of it’s derivatives.

2.2.1

Pentacene as Electron Donor: Advantages and Disadvantages

Pentacene (C22 H14 ) is a type of polycyclic aromatic hydrocarbon consisting of five benzene
rings [62]. The dimension of a single isolated molecule is 14.2 Å x 5 Å [63] and pentacene
has a molecular weight of 278.3 amu [64]. The band gap of ordinary pentacene is 2.29 eV.
In organic thin film transistors, pentacene is used as a p-type semiconductor [65]; it is an
electron donor. It is used as a channel layer, and it works better than amorphous silicon [62].
No covalent bonds must be broken to make pentacene surfaces [66]. Bulk pentacene has a
triclinic crystal structure with 2 molecules and 292 electrons per unit cell [64, 67]. The
van-der-Waals length in the b-c plane of the bulk pentacene crystal is ∼ 16 Å x 6 Å [63].
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There is a herringbone arrangement in the {001} plane, with bonds between molecules in
same layer being several times stronger than those between adjacent layers [67]. Overlap of
pentacene molecular π-orbitals is the preferred method of charge transfer through crystals.
Molecular packing and subsequently defects determine electronic behavior in organic crystals
like pentacene [68].
Oxygen can diffuse into pentacene films altering the conductivity of the film as well
as degrading reactive electrodes in thinner films [69]. The product - pentacene quinone,
Figure 2-6 (B), can be found on the surface of pentacene crystals due to phot-oxidation [70].
Under light and heat, pentacene oxidizes to pentacene quinone, preferentially at defects and
dislocations even after high temperature purifying [68]. At interfaces, pentacene quinone
alters energy level alignment. Pentacene quinone defects in pentacene films cause traps for
electrons, decreasing mobilities. These electron traps in pentacene can range from 0.2 eV
to 0.75 eV [70]. Photo-oxidation is of immediate concern because it reduces charge carrier
mobilities degrading electronic devices.

2.2.2

Pentacene on Surfaces

Pentacene growth is highly dependent on the surface energy of the substrate [69]. Monolayer
pentacene commonly exhibits lying-down and standing-up (long axis of the molecule perpendicular to the substrate) phases of self-assembly, highly dependent on the properties of the
underlying substrate surface, Figure 2-7. For metallic surfaces, pentacene orientates parallel
to the substrate. Lying-down flat is due to the increased molecule-surface interaction. The
driving force for standing-up orientation comes from pentacene interacting weakly with the
substrate [67]. As pentacene growth goes from monolayer (ML) to thin-film, the structure
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changes from being dependent on the substrate surface and coverage to being like that of
bulk pentacene crystals. It is the balance of intermolecular and molecule-substrate forces
that play a role in any structures formed.
STM investigation of pentacene molecules has increased the understanding of the way it
forms monolayers and subsequently the thin films used in devices. Pentacene has a saturation structure of one ML at room temperature on certain surfaces. Pentacene deposited in
amounts greater than a monolayer leads to a 2-D molecular gas of mobile pentacene over
the monolayer [61, 63]. This 2-D molecular gas acts as a molecular reservoir to supply additional pentacene needed to transition to higher-density surface phases, as with tip induced
structure transformations [63]. After cooling, 3-D pentacene islands form and tip induced
structure transformations no longer occur at low temperature [63]. In high-resolution STM
images, contrast across the pentacene molecule has to do with surface binding [71].
Because gold frequently serves as electrodes in pentacene based devices, i.e. the drain and
source in transistors, the structure of the pentacene-gold interface influences mechanisms of
charge transport and performance [59]. It is well studied and pentacene is known to lie
flat on Au(111), commensurate with the underlining lattice [72]. Pentacene layer-by-layer
growth on Au(111) of lying down molecules differs from that of bulk; e.g. standing up,
layered structure with herringbone packing [60]. Monolayer thickness of 0.26 ± 0.03 nm has
been found for pentacene on gold [73]. When probing energy level alignment for pentacene
on Au, the energy is affected by a large interface dipole : 0.95 eV [72].
The orientation of pentacene is controlled by the substrate electronic structure – flat on
Au, Ag, Cu, clean Si(100) [73] – standing-up on SiO2 , Al2 O2 , amorphous Si [74], semimetal
Bi(0001) [35, 67]. Pentacene grown on alkali halides (NaCl, KCl, KBr, and KI) stand up
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[75]. Metallic surfaces can be passivated to change the adsorbed pentacene structure. E.g.
– Pentacene lies flat on Cu(119) but stands up on benzenethiolate(C6 H5 SH) -passivated
Cu(119) [76]. For pentacene on the passivated Cu, electronic transport properties are not
affected by the substrate and the semiconducting properties due to the π − π interaction of
the pentacene standing-up layer are preserved. Pentacene on bare Cu has a metallic character
at the interface. The metallic substrate mediates the molecule-molecule interaction for the
pentacene ML on Cu, which can influence charge mobilities at the interface. Also, in a
similar fashion, pentacene on a monolayer film C60 on Ag(111) stands up and creates striped
domains [58]. Pentacene stands up in different arrangements on appropriate surfaces, but
the absence of lateral standing in monolayers cannot be explained [74].
COMMON PENTACENE ASSEMBLIES COMPARED
WITH LATERAL-STANDING ASSEMBLY

O
PENTACENE
S

S

S

TTPO CARTOON

STANDING-UP

LATERALSTANDING

FLAT-LYING

Figure 2-7: The common pentacene assemblies have the pentacene molecule flat-lying on
it’s side or standing-up with the long axis of the molecule away from the surface. This
diagram utilizes a cartoon of the TTPO molecule, see Section 2.2.4, for which pentacene is
the backbone of the molecule. The lateral-standing assembly is proposed in this dissertation
as an unique assembly unreported for pentacene or it’s other derivatives.

The interaction strength of the pentacene π-system with the substrate is controlled by
the local density of states (LDOS) at or near the Fermi level at the substrate surface [35]. For
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molecular adsorption, it is the surface LDOS that matters, not the substrate DOS. It is the
subtle change in surface LDOS, specifically the change from semi-metallic to metallic (i.e.
√ √
Si(111)-(5×2) Au to Si(111)-( 3× 3) Au), or equivalently the change in the surface valence
charge density at or near the Fermi level, that leads to the observed change in molecular
orientation for pentacene [35]. Results show that HOMO level (or injection barrier) for
standing-up pentacene is 0.2 – 0.4 eV lower than that for lying-down [77]. HOMO level
position is dependent on the molecular orientation of the pentacene thin film; and since
contact resistivity depends exponentially on barrier height, by lowering the barrier, a decrease
in resistivity is caused [77]. The electronic and structural character of pentacene is greatly
dependent on the choice of substrate.

2.2.3

6,13-dichloropentacene (DCP)

For 6,13-dichloropentacene (DCP), Figure 2-6 (C), two chlorine atoms replace the 6 and 13
center-ring positioned hydrogen atoms in ordinary pentacene. The HOMO-LUMO gap for
DCP is 2.16 eV as opposed to 2.29 eV in ordinary pentacene [78]. The HOMO is at -5.14 eV
and the LUMO is at -2.98 eV [41]. This gap reduction increases the adsorption efficiency of
the solar spectrum in OPV applications. For a DCP molecule, the electron orbital contour
in STM topography resembles the LUMO structure, Figure 2-8. DCP has been shown to self
assemble on some gold surfaces. On flat Au(111) terraces, DCP forms small, ordered domain
structures in the six high symmetry directions [78]. Unidirectional, long-range ordered, and
highly stable DCP SAM structure, a brick wall structure, is formed on vicinal Au(788) steps,
Figure 2-8 [78]. DCP on Au (788) minimizes intermolecular hydrogen bonding energies while
maintaining favorable molecule-step interactions. The experimental STM results for DCP
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on gold surfaces and C60 on DCP on Au [79] were combined with computational results
in the culmination of my friend and colleague’s, Dr. Jun Wang, PhD dissertation [7]. His
research on a symmetric pentacene derivative is complementary towards my research on an
asymmetric pentacene derivative, and serves as a good example for comparison.

Figure 2-8: (a) Clean-stepped Au(788) vicinal surface. (b) DCP SAM on Au(788); each
step holds five rows of close-packed DCP with an oblique unit cell of approximately 1.5 x 1
nm2 . The substrate orientation is the same as in (a). (c) Large-scale STM image of perfectly
long-range ordered DCP-SAM on Au(788). (d) DFT model of a free-standing DCP-SAM
structure. Each adjacent row is shifted by a half-molecular length to form a molecular brickwall structure. The calculated value of the unit cell is 1.62 nm x 1.07 nm. From Ref. [7]

2.2.4

5,6,7-trithiapentacene-13-one (TTPO)

5,6,7-trithiapentacene-13-one (TTPO) is a robust molecule with an optical HOMO-LUMO
gap of 1.90 eV that can be thermally evaporated onto an electrode. From DFT, a HOMO
of -5.72 eV and LUMO of -3.73 eV have been calculated [3]. TTPO is a polar species of
pentacene with centered oxygen and sulfur bridge substituents (Figure 2-6 (D)). TTPOs
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melting point of 386-388◦ C in air without decomposition eliminates the possibility of the
molecule breaking apart during physical vapor deposition. TTPO’s robust character and
thermal stability ( > 400◦ C) makes it a promising candidate for device manufacture. TTPO
is a rigid molecule, not expected to have much molecular bending upon absorption. TTPO
has been shown to create single crystals in solid form, suggesting strong molecule-molecule
interactions (Figure 2-9 (C)). These columnar stacks have alternating substituents and horizontal offset of 1.2 Å between molecules; the vertical distance between molecules is 3.36 Å.
Stability is increased with the parallel displacement of molecules within the column, which
enables intermolecular CH–π interaction between stacks. The molecule was first synthesized
by Dr. Jeremy Kintigh, our collaborator in Prof. Miller’s group at UNH. The molecule’s
synthesis and initial characterization are explained in a Journal of Physical Chemistry C
article, for which I contributed experimental STM data [3]. Preliminary experiments have
produced TTPO devices that are one of a few organic semiconductor based devices that can
function at temperatures greater than 100 ◦ C, with mobilities increasing in linear fashion up
to 150 ◦ C. With its thermal evaporability as well as organic solubility necessary in low cost
roll-to-roll methods, TTPO is suitable for high temperature electronic applications.

2.2.5

Hexathiapentacene and Other Sulfur-based Small Molecules

Hexathiapentacene (HTP), Figure 2-10 (A), developed over 35 years ago, is noticeably similar to TTPO, though made differently. It forms dark-green needle-like crystals and is slightly
soluble in hot dichlorobenzene, but is insoluble in nearly all organic solvents at room temperature [80, 81]. It has a high thermal stability, greater than 400◦ C, and makes great
’nanowires’ [80, 81]. Single crystal nanowires can be made and dispersed in solution [81].
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(A) Optical, Electrochemical, and Computational Data for TTPO

(B) DFT NBO Population Analysis

(C) Columnar Stack

Figure 2-9: (A) Table of optical, electrochemical and computational data for TTPO. DFT is
based on a four-molecule tilted stack calculated at the TD-B3LYP/6-311+G(d,p)//M052X/6-31G(d) level in a dichloromethane solvent field implementing the PCM solvation
method. (B) DFT NBO population analysis of TTPO based on a two-molecule stack at
same level of theory mentioned in (A). (C) Space filling model of tilted columnar stack of
TTPO in bulk with alternating oxygen (red) and sulfur (yellow) substituents. Included from
Ref. [3]

(A) HTP

(B) BMTP

(C) -trithia

(F) Cysteine

(D) Thiol

(E) Methanethiol

(G) DTA

Figure 2-10: Sulfur-based small molecules. [14–20]
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A single crystal can also be grown by vacuum sublimation with a triclinic unit cell [80].
The solution-grown and vapor-grown crystals have almost the same crystal structure [81],
but mobility is higher for single crystal than vapor-deposited thin film transistors. Utilizing
the single crystal HTP, one study makes thin-film transistors in a top-contact configuration
using gold as the source and drain electrodes [80]. The widths of HTP nanowires are ∼
1 µm to ∼ 150 nm; lengths of several dozen µm to hundreds of µm; with heights ranging
from 70 to 470 nm [81]. With a calculated HOMO of -5.35 eV and LUMO of -3.72 eV,
its gap of 1.63 eV is significantly narrower than that of pentacene, absorbing well into the
low-frequency region of red, almost in the near-IR region [80]. HTP molecules also stack
face to face along their long axis, with π − π distances of 3.54 Å [80] slightly larger than bulk
TTPO. This face-to-face structure is believed to be more efficient for charge transport than
the herringbone packing seen for pure pentacene [80]. Published research on HTP focuses
on single-crystal devices, not on the scale of individual molecule interactions. Similar to
HTP, 6,13-Bis(methylthio)pentacene (BMTP – Figure 2-10 (B)) can be vapor deposited into
nanowires with the long axis of the wire coinciding with the π-stacking direction [82]. For
this study, to improve wire linearity and crystallinity, the SiO2 substrate was treated with
octadecyltrichlorosilane, which reduces surface tension making intermolecular interactions
predominate [82].
Of the two substituents that differentiate TTPO from ordinary pentacene, the ’sulfur
bridge’ trithia – end is expected to more strongly affect electronic and structural properties of the adsorbed TTPO. The sulfur bridge substituent of the TTPO molecule is similar
to 1,6,6aλ4 -trithiapentalene, Figure 2-10 (C). “The bonding in trithiapentalenes can be described as an ’electron-rich three-centre’ bond” [20]. The structure has C2ν symmetry, with

35

the two S–S distances equal (2.363 Å) and much shorter than the sum of the van-der-Waals
radii [83]. This type of arrangement is also observed for phosphorous and O-S-O, and is
what is seen in the TTPO molecule.
The first thiolate (Figure 2-10 (D)) SAMs on gold were found back in 1983 with solutionadsorbed organic disulfides [84]. The thiolate-gold (RS-Au) bond strength is approximately
equal to that of the Au-Au bond strength, such that it can significantly modify Au-Au
bonding at the Au-S interface [84]. The nature of the adsorbed thiolate ligand can affect
surface geometry slightly through steric effects, and the degree of electron affinity of the
organic part of the thiolate may change HOMO-LUMO and optical gaps [84]. For lowcoverage alkylthiolates on Au, a striped phase in a lying-down configuration with alkyl chains
approximately parallel to the surface is created [84]. In the high-coverage SAM, stand up
phase, where chains are packed vertically, structures imply 1/3 thiolate coverage [84]. For
methanethiol, Figure 2-10 (E), on Au(111), we see preferential adsorption on FCC areas,
with two temperature dependent SAMs [85]. For cysteine, Figure 2-10 (F), on Au(111) at
room temperature, unordered islands grow at substrate step edges and elbows [1]. With
increasing coverage, islands grow, but with no internal ordering; another structure also
forms with respect to the herringbone reconstruction, evidence of a noncovalent moleculesubstrate interaction [1]. In summary, thiol adsorption on Au is a complex and well-studied
subject [36].
Although not studied on gold, 9,10-dithioanthracene, DTA - Figure 2-10 (G), on Cu(111)
has unidirectional motion along three substrate axes [86]. Two thiol linkers guide the motion
of the molecule (DTA) as it walks between local minima; lying flat on the surface with both
sulfur atoms attached. Upon removing a thiol, molecules rotate around an attached sulfur
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atom. With such specialized motion, the molecule could potentially be used for molecular
machines.
At small atomic sulfur coverages, sulfur absorbs on gold FCC sites, with the formation
√
√
of a ( 3 × 3) R30◦ structure at approximately a third of a ML [46]. For coverages greater
than 0.4 ML atomic sulfur, the sulfur complexes (into dimers, tetramers, etc.) [46]. Molecular
oxygen does not readily chemisorb either dissociatively or molecularly on Au(111) [46]. Auoxide is known to be thermodynamically unstable [46]. Oxygen desorption from Au-oxide
is reported to occur at ∼ 490 K, 60 K lower than chemisorbed state oxygen [46]. The Au-S
bond is strong enough to drive corrosion of Au. Approximately 4 % Au in the surface is
ejected during S or O adsorption at low coverages; released atoms are captured by step edges
or form small islands, resulting in serrated step edges [46].

2.2.6

Π Conjugated Systems

The overlap of molecular orbitals for certain structural packing motifs, can greatly affect
the electronic character as a thin-film. Designing π-conjugated systems can be used as a
way to increase mobility for thin-film and single crystal FET devices. In general, planar
molecular structures are optimum for organic semiconductors with high mobility. Changing
the substituents on acenes can change crystal packing from herringbone to π − π which can
increase charge mobility [87]. Herringbone packing reduces π-stacking between molecules;
pure pentacene crystals have herringbone packing. Studies designing molecules to go from
herringbone to face-to-face (π) stacking include: alkynyl-substituted pentacene, halogen
groups in tetracene, HTP, and adding methylchalcogen groups into acenes [87]. It must
be taken into consideration that a substituent which changes herringbone to face-to-face
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packing may also lead to increased intermolecular distance, which would be unfavorable to
charge diffusion [87].

(A)

(B)

(C)

(D)

Figure 2-11: Molecular packing in crystals of planar molecules. (A) Herringbone packing
without π − π overlap between molecules; ex. pentacene (B) Herringbone packing with
π − π overlap between molecules; ex. rubrene (C) flat-lying, lamellar - 1-D π-stacking; ex.
hexyl substituted naphthalene diimide (D) flat-lying, lamellar - 2-D π-stacking; ex. TIPSpentacene. Based on Ref. [21].

Figure 2-11 shows example packing motifs for planar molecules. Face-to-face (lamellar
2-D) stacking is believed to be the most efficient for charge transport, because it can increase HOMO-LUMO splitting and transport occurs through an almost straight line [21].
Normally with the expansion of the π-conjugated dimension, the intermolecular overlap of
the electron-cloud is increased, resulting in larger HOMO-LUMO splitting and lower reorganization energy [21]. Field effect mobility increases going from anthracene to pentacene with
the extension of the π-conjugated system, which is a benefit of the intermolecular π-orbit
overlap. The highest mobility of thin film transistors based in π-conjugated systems is as
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high as 10 cm2 /Vs and single crystals reach up to 15–40 cm2 /Vs [21]. For compounds with
mobilities greater than amorphous silicon, there is a preference for π − π stacking, with
only a few compounds (including pentacene) which have herringbone packing [21]. It can be
generalized for acenes and thienoacenes: herringbone packing is efficient, though generally
π − π stacking is better. An efficient strategy to shift the packing motif from herringbone to
lamellar is substitution on peri-positions of acenes and heteroacenes. Molecular packing motifs are dependent on the length ratio of the substituent to the acene core; if substituent size
is smaller or larger than half the length of the core, the result may be slipped π-stacking;
and if it is too small or large, the result may be herringbone packing. Side-substituents
do not change the planarity of the molecule backbone, but could facilitate charge transport by potential to tune molecular packing. Planar molecules with electron-rich sulfur are
thought of as a pathway to high performance. The introduction of polar groups facilitates
π − π stacking. Polar groups increase molecular polarity and lead to a new balance between
electrostatic repulsion and dipole-dipole attraction such that lamellar packing is expected
irrespective of whether polar groups are in one or both ends of the molecules; e.g. acene
dione and trifluoromethane-based oligomer [21].

2.3
2.3.1

Electronic Structure
Band Diagrams and Interface Dipole Layer

From a single atom to a molecule, atomic orbitals interact to form molecular orbitals, with
deep atomic orbitals still remaining, Figure 2-12 (A) to (B). The electronic structure of
an organic solid largely preserves that of the individual molecule, Figure 2-12 (C), but
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Figure 2-12: Potential wells in electronic structures. (A) Hydrogen atom. (B) Single polyatomic molecule (4 atoms). (C) Organic solid (3 molecules interacting weakly by van-derWaals forces). The Vacuum Level (VL), horizontal green lines, is the energy above which
electrons can escape from the atom. Based on Figure from Ref. [22]
values of ionization energy (I) and electron affinity (A) differ. Ionization energy is the
energy separation from the HOMO to vacuum level (VL), while electron affinity is the energy
separation from the LUMO to VL, Figure 2-13. In solids, the electronic polarization of
molecules surrounding an ionized molecule, stabilizes the ion, lowering (I) and increasing
(A) compared to molecules in the gas phase [22]. Figure 2-13 (A) also shows the Fermi
Energy of the solid (EF ), the energy level to which electrons fill following Fermi statistics.
The energy separation from EF to the VL is the work function of the solid (Φ).
When an organic solid comes into contact with a metal surface, as in the case of this
dissertation research, a interface dipole layer can form. The dominating contribution to
the interface dipole is from exchange repulsion due to the Pauli exclusion principle. The
van-der-Waals forces pulling the molecule towards the metal substrate causes characteristic
deformation of the ’cushion’ of surface charge, which in turn gives rise to an electrostatic
dipole [86]. The metal can be thought of as soft, while the molecule is hard. This charge
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Figure 2-13: (A) Simplified model of organic solid showing energy separations. (B) Further
simplified model.
rearrangement produces a non-negligible dipole [39]. In calculations, dipoles created by the
cushion and the metal surface have opposite signs, and both effects tend to cancel each
other out. As such, in the past, the interface dipole was not considered sufficient enough
to explain large observed changes in the work function using the ’cushion’ effect alone [86].
However, DFT studies have shown unexpectedly large changes in work function caused by
the physisorption of molecules on metal surfaces [86]. The interface dipole is present for
pentacene, so this alludes to a possible presence on the interface of TTPO with Au. Other
factors affecting the formation of the interface dipole layer include charge transfer across the
interface, redistribution of electron cloud, interfacial chemical reaction, orientation of polar
molecules or functional groups, and other types of rearrangement of the electronic charge.
This can cause an abrupt shift of the potential across the dipole layer, as seen as ∆V in
Figure 2-14 (B).
Band bending is necessary to consider in thick organic films. Band bending comes from
the tendency towards alignment of Fermi levels (EF ) across an interface through diffusion
when a sufficient number of mobile charge carriers are available. For very thin layers in UHV,
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Figure 2-14: Schematic representations of metal-organic interface. ΦnB and ΦpB mark the
injection barriers for an electron or hole. Φm is the work function of the metal. (A) Interface
with common VL. (B) Interface with shift in VL, ∆V due to dipole layer formation. Diagram
depicts the organic being charged positive, making the organic have a lower energy for a
mobile electron.
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nearly flat band situations in interfacial regions are expected, and Fermi level alignment is
not easily established. For thin deposited layers, less than a few nanometers thick, almost
flat bands can be assumed as a first-order approximation. For our examination of ML TTPO
on gold, band-bending is assumed unnecessary.

2.3.2

Electronic Band Manipulation

As mentioned in the last section, polar molecules and substituents can affect the formation
of the interface dipole layer and be used as a means of electronic band manipulation. TTPO
is a dipolar molecule which will likely have some effect on the band alignment, Figure 2-15.
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HOMO
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Figure 2-15: It is unclear how the interface of TTPO with gold will be affected by the dipolar
properties of the molecule. The work function of gold used is -5.35 eV for reconstructed
Au(111) [23].

SAMs of dipolar organic molecules can be used as a means of tuning barriers at the
interface of the molecule and the substrate that may be limiting charge-carrier mobilities.
Essentially modifying the effective work function of the electrodes, the alignment of the
metal’s Fermi energy with the organic semiconductor’s conductive states can be adjusted
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[24]. Thiol based SAMs on metal electrodes of OFETs have demonstrated improved contact
resistance and channel transistor performance [88]. The arrangement of thiol molecules in a
close-packed layer aligns their dipole moments when present.
Fluorinated thiol treatment for p-type organics can be used to increase work function of
a contact layer by creating a dipole layer on gold [88]. When thiol is deposited on the Au
surface, a surface dipole is created which is a combination of the Au-S dipole layer and the
dipole layer within the thiol molecules themselves [88]. These dipoles change the surface
potential and thus the effective work function of the metal, Figure 2-16. The substituent on
the thiol molecules effects the final surface potential, but the Au-S bonded interface removes
the potential barrier of the Au work function, creating a modified work function dependent
on substituents. For the thiols on gold used in Figure 2-16, the molecular HOMOs line
up at the same energy level below EF regardless of the chemical substitutions outside the
immediate interfacial region [24]. As such, the work function of the SAM covered Au surface
can be tuned over a whole range whether the SAM is to act as an active transporting or as
an injection promoting layer in (macroscopic) organic electronic devices [24]. Studies show
fluorinated thiols can increase the work function by 0.5 – 1 eV and alkane thiols can decrease
the work function by 0.3 – 0.5 eV [88]. The work function of Au(111) was experimentally
determined to be 5.35 eV [23]. In devices, ideally you want an anode with a high work
function value, and a cathode with a low work function value [56].
The organic-metal interface made in UHV changes energy level alignment upon exposure
to air; oxygen and/or water can diffuse through thin organic layers to metal and modify
electronic properties [56]. The thiol-Au bond is expected to play an important role in
determining band line up and providing coupling from Au levels near EF into the π levels
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Figure 2-16: Modifying the electrode work function of Au with different thiol substituents.
This band diagram follows along with the cartoon of the system below. The Au surface is
denoted by the gold-colored Au atoms, the sulfur end of the thiol is denoted by the red circle,
the body of the thiol is the remaining black and blue circles, and the substituent is denoted
by the large yellow ×. This diagram was created using computational data from Ref. [24].
Modified Au work function (Φmod
Au ) for SAMs of thiols, 4’-substituted 4-mercaptobiphenyls, ×
= NH2 , CN, and SH. The Au-S bond removes the potential barrier of the Au work function
ΦAu , creating a modified work function Φmod
Au that is dependent only on the substituent
attached to the thiol. (HOMO level was the same for the three thiols.)
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on the molecule [89]. In long molecules, the effect of thiol coupling is largely confined to the
interfacial region and leads to limited perturbation of the molecular π system; for a small
molecule, like benzenethiol, results indicate significant electronic structure modification over
the first phenyl ring [89]. For polar molecules, the orientation of the dipole moment can lead
to a large interfacial dipole, and subsequently the artificial tailoring of ∆V, Figure 2-14 [22].

Background research can be used to enhance our understanding of this particular system, TTPO molecular self-assembly on vicinal gold. To understand the TTPO molecule it
is necessary to understand the components of the molecule – the backbone pentacene, the
sulfur-bridge and the oxygen substituent – and how these distinguish the molecule from others that may be similar. Choosing a well-studied surface, useful for devices, as our substrate
for molecular self-assembly is a good way to facilitate our understanding of the observed interactions. The possibility of our system behaving similar to interactions between individual
components of our system can be used in explaining newly observed self-assembled phenomena. Materials design is a very in-demand field of research, such that understanding changes
associated with pentacene being converted to TTPO can be used in the broader understanding
of acene design and potential implications on devices.
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Chapter 3
Experimental Set-up
The STM imaging of individual molecules on surfaces is not a trivial task. The precision
and cleanliness necessary to achieve the resolution of atoms and molecules requires controlled
experimental conditions. An ultrahigh vacuum (UHV) chamber can provide the necessary
environment, but it must be maintained. You must have control of the whole system, from
the cleanliness of the surface to your means of depositing molecules for study. Before you can
begin to image your surface, there are many obstacles to overcome, some unexpected. In this
chapter, I will review the basics of UHV [90]. Taking inspiration for my favorite introductory
UHV source, Philip Hofmann’s UHV pages [25] ( based on his book [91]), I will explain the
UHV chamber I utilized. I will then explain the gold sample preparation and the physical
vapor deposition of TTPO molecules. In relation to the deposition of TTPO molecules,
Auger Electron Spectroscopy (AES) will be explained as a means of determining molecular
coverage. The use of AES to determine TTPO molecular coverage is covered in Jeremiah
van Baren’s 2013 University of New Hampshire Bachelor’s Thesis [26]. All experiments in
relation to the study of TTPO molecules on gold (788) were preformed in the laboratory of
Professor Karsten Pohl in the Physics Department of the University of New Hampshire in
Durham, NH.
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3.1

Ultrahigh Vacuum (UHV)

The experiments discussed are all based in the ability to achieve ultrahigh vacuum. Atmospheric pressure is in the 103 mbar range; ultrahigh vacuum refers to pressures in the 10−9
mbar range and below. Such low pressures assure that experimental surfaces stay cleaner
longer. Using kinetic gas theory, the rate at which molecules impinge on a surfaces is

P
2.635 × 1022 Pmbar −2 −1
√
R= √
=
cm s
2πM kB T
MT

(3.1)

where P is the pressure of the rest gas, M is the molecular mass in units of the atomic mass
constant, and kB T is the Boltzmann constant times the temperature [25]. If we are able to
get our vacuum down to the high-vacuum regime ( 10−6 mbar ), at room temperature (300
K), a surface will only remain clean for a second or so if everything that contacts the surface
contaminates it.
To assure that contaminating molecules are kept to a small percentage on the surface,
the pressure has to be in the UHV regime. Going from atmospheric pressure to high vacuum
and then ultimately ultrahigh vacuum requires different methods to remove the gas inside
of the vacuum chamber and a considerable amount of time. Vacuum pumps based on usual
gas flow ideas fail to produce UHV, because at low pressure the flow of gas is dependent
on individual molecules, a different regime than for gas flow under ambient conditions. In
UHV, the mean distance the molecules in a system travel before they bump into one other
(the mean free path) is

λ= √

kB T
2πξ 2 P
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(3.2)

where ξ is the molecular diameter, P is the pressure of the gas and T is the temperature.
At ambient conditions, λ is on the order of nanometers for a gas such as nitrogen, but in
UHV conditions, it is on the order of kilometers. With such a long mean free path, it is far
more likely for molecules to hit the walls of the vacuum chamber than to hit another gas
molecule. This has direct implications in the methods used to remove remaining gas at low
pressures and in the design of vacuum chambers for efficiency.

3.1.1

The Vacuum Chamber

Figure 3-1: Image of vacuum chamber. Including – main chamber, load lock, transfer arms
and many ports.

The vacuum chamber, Figure 3-1, began as a commercial SPECS GmbH system containing a Scanning Tunnelling Microscope. It has since been modified, including modifications
to the sample holder, addition of deposition sources, and modifications to include an Auger
Electron Spectrometer. All ports are ConFlat R flange style with copper gaskets. The
vacuum system can be simplified to the schematic diagram shown in Figure 3-2.
The main vacuum chamber is a spherical vessel made out of stainless steel, attached is a
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Figure 3-2: Schematic drawing of the vacuum system with pumps.
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smaller vessel (a load lock) for ease of sample preparation. Many valves are located between
the stages of pumping and between the two vessels that can be used to compartmentalize the
system. The procedure for moving samples in and out of the chamber is given in Appendix
A.

3.1.2

Pumping and Bake-Out

To achieve UHV, multiple stages of pumping are needed. The first stage is a roughing pump
used for the regime of normal gas flow. All types of roughing pumps work in the same way:
the volume of the system is expanded in the pump; then the expanded volume in the pump
is sealed off and the gas inside this volume is removed from the system. This process is
repeated in cycles until an ultimate pressure of ∼ 10−3 mbar is achieved. We use a powerful
rotary vane pump located a room away from our system. This distance and increased volume
requires longer pumping times, but the noise reduction is considerable. A small dry scroll
pump is located next to the system if necessary, and automatic valves close in case of power
failure – minimizing possible catastrophic release of oil into the vacuum chamber.
The second stage of pumping is achieved by a turbomolecular pump, or ’turbo pump’,
mounted in series with the roughing pump. The fast moving blades of the rotor collide
with gas molecules propelling them deeper into the rotor, ultimately exhausting them to the
roughing pump, and removing them from the vacuum system. In order to achieve efficient
pumping, the speed of the rotor is very high, typically up to 80,000 revolutions per minute.
This principle of mechanical momentum transfer to the rest gas works less well for light
atoms such as hydrogen. Ideally pressures in the 10−8 − 10−9 range can be achieved with a
turbo pump.
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Two things set apart a vacuum chamber that can reach high vacuum and one that can
achieve ultrahigh vacuum: the ion pump and the bake-out procedure. The ion pump cannot
be operated at atmospheric pressure. At pressures, safely less than 10−4 mbar, the pump
ionizes the gas by a plasma discharge due to high voltage between the anode and cathode,
Figure 3-3.

Figure 3-3: Ion pump schematic. Included from Ref. [25].

The ionization probability is increased by the presence of the magnetic field, leading the
electrons on spiral trajectories. Hitting the titanium cathode, the ions are buried or react
with it. The ion pump does not remove the rest gas from the system; the gas molecules are
just bound such that they cannot contribute to the pressure anymore. Alternatively, as used
as a titanium sublimation pump, titanium can be sputtered off the cathodes and deposited
on other parts of the pump and vacuum walls. This reactive titanium increases the pumping
effect, removing even light-weight gas molecules.
In order to achieve UHV, a ’bake-out’ must also be preformed. The controlled heating
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of the whole vacuum system to ∼ 100 − 150 ◦ C for at least 24 hours is necessary to remove
water and other impurities absorbed on the chamber walls. Consideration of the temperature
limitations of all system components must be taken, and the process must be monitored to
achieve desired effects. Before returning the chamber to room temperature all filaments
and components should be appropriately degassed. The procedures I used are given in
Appendices B and C.

3.1.3

Vacuum Gauges and the Residual Gas Analyzer (RGA)

As with different pumps being used to reach different pressures, different gauges must be
used to cover the complete range of pressures down to UHV. Resistive style gauges (Pirani)
measure pressures from atmospheric to 10−3 mbar. The load lock has a compact full range
gauge which can measure pressures from atmospheric to 10−9 mbar. Our Pfeiffer Vacuum R
full range gauge is a combination Pirani and cold cathode gauge which must be removed
during bake-out of the chamber. The main chamber and load lock each have a bake-able
ion gauge, the most used gauge in the system. Working in the range of 10−4 to 10−11 mbar,
the ion gauge has a filament which emits electrons which are accelerated inside a cylindrical
cage, Figure 3-4. Gas molecules ionized by the electrons are collected at the wire in the
middle of the cage and the current from that wire is a measure for the pressure.
To determine the chemical composition of the gas, the residual gas analyzer (RGA)
attached to the main chamber can be used. Ionizing the gas atoms, just like the ion gauge,
the ions are filtered into their atomic masses and detected. A spectrum is formed based on
the masses of the component gases, such as shown in Figure 3-5.
Characteristic peaks are indicative of the state of the vacuum system. As such, spectrums
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Figure 3-4: An ion gauge. Included from Ref. [25].

Figure 3-5: Typical RGA spectrum. Included from Ref. [25].
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should be taken before and after bake-out. Figure 3-5 would be before a bake-out due to
the large amount of water in system. Table 3.1 gives the masses of gases found in a vacuum
chamber and their component ions. The secondary peaks for H2 0 (m=16 amu, m=17 amu,
m=2 amu) are from the ionized fragments of the molecule, and as such are smaller than the
main m=18 amu peak and scale relative. Air in the system would consist of N2 (28 amu)
and O2 (32 amu) with a ratio of 3.7:1 [2], but because CO also contributes to the m=28
amu peak it necessary to rely on the secondary peaks to determine if there is primarily N2
in the vacuum system. CO can diffuse out from the grain boundaries in stainless steel into
the vacuum chamber. Comparing the m=12 amu and m=14 amu secondary peaks, if the
m=14 amu peak is larger, the large m=28 amu peak likely corresponds to N2 and a possible
leak in the chamber. The RGA can be used in conjunction with helium gas located at a
suspected leak site to locate leaks since helium transport into the chamber would otherwise
be unlikely.
Table 3.1: Gases found in a vacuum system are ionized by the RGA into components, each
of which contributes to the RGA spectrum at it’s component mass (amu). Adapted from
Ref. [2].
Parent Gas

Relative Mass

Hydrogen

2

Helium

4

Water

18

Nitrogen

28

Carbon Monoxide

28

Oxygen

32
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Ions Formed
H2
H
He
H2 O
OH
O
N2
N
CO
O
C
O2
O

amu
2
1
4
18
17
16
28
14
28
16
12
32
16

3.2

Cleaning Au Samples and Sample Holder Modifications

Accessible by the systems two transfer arms, sample surfaces are stored and prepared in
the garage manipulator. Single crystal surfaces are mounted in sample holders in the UHV
chamber. Figure 3-6 is an image of the Au(788) sample mounted in a modified sample holder
in the sample preparation stage. The preparation stage positions the sample for filament or
resistive annealing and sputtering procedures.

Figure 3-6: Image of sample preparation stage at end of garage manipulator with end of
sputter gun in top-right foreground of image.

The sample holder and preparation stage were modified for two purposes: (1) to support
the resistive heating of silicon samples using a self-designed sample holder and (2) to provide
an alternate more accurate means of acquiring sample temperature through use of a plugsocket system. Drawings of sample holders and sample preparation stage modifications
are assembled in Appendix D. Sample holder designs are consistent with STM and AES
specifications and materials with low vapor pressures were used.
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Under ultrahigh vacuum conditions, sample surfaces must be cleaned to remove contaminants. Repeated cycles of sputtering and annealing are necessary to clean single crystal
metal surfaces like Au(788). Resistive flash annealing is used for Si(111) samples. The ion
sputtering procedure of the Au(788) surface is as follows: closing off the ion pump, pure
argon gas is leaked into the chamber at a pressure of 5 × 10−5 mbar. Argon is ionized by
a voltage (0.63 keV) in the ion gun positioned opposite the sample preparation stage. Ions
bombarding the sample surface lift contaminants as well as some Au surface atoms cleaning the surface. Annealing the sample smoothes out the surface after ion bombardment.
Au(788) was annealed for about 20 minutes at 670◦ C after each 15 minute sputtering; the
temperature and duration of anneal is dependent on materials. Multiple cycles of sputtering
and annealing are required to atomically clean a surface and the pressure in the chamber
must be allowed to recover after each step in the process. The complete procedure is described in Appendix E and F. The melting temperature of the surface as well as faceting of
surface terraces must be taken into consideration in the preparation.
Annealing can also be a post-preparation step in an experiment. For molecules deposited
on a surface, low temperature annealing over an extended period of time can be a way to
prepare samples with higher order assemblies. The increase in surface energy can be enough
to facilitate self-assembly, but must be done in a controlled manner. Controlled annealing
can also be used to find decomposition and desorption temperatures.

3.3

TTPO Deposition

There is a silver sublimation source in the load lock and two physical vapor deposition
sources in the main chamber transfer arm vestibule containing DCP and C60 in one and
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TTPO, MATP (6-mono(acetylthio)pentacene) and BATP (6,13-bis(acetylthio)pentacene) in
the other. The physical vapor deposition sources are simply made on top of a rotary feedthrough as sketched in Figure 3-7. A rotary feed-through is a UHV Conflat R flange equipped
with two or more copper leads with a rotatable manipulator (as opposed to an ordinary feedthrough). Powder sample molecules are enclosed in a metal envelope with a small pin-hole
made of tantalum or molybdenum. Tungsten wire is wrapped multiple times around the
envelope and attached to the Cu leads of the feed-through. A foil cylinder and shutter
is built around the whole assembly and attached to the rotatable manipulator. Careful
attention must be paid to insure proper shutter operation and electrical isolation of the
envelope and leads within the vacuum chamber.
Application of voltage across the filament resistively heats the atoms or molecules within
the envelope. Molecules traveling directly out of the pin-hole are either stopped by the
shutter or deposited on an appropriately positioned sample substrate. It is a line-of-sight
method of deposition, ideal for the controlled deposition of small numbers of molecules.
Calibration of the deposition source for specific voltages and currents can be used to deposit
known amounts of molecules for study. For metal sublimation sources, the envelope can be
swapped for a metal ingot, which, once melted on the filament, can be slowly sublimated for
the controlled deposition of small amounts of metals. Multiple molecule sources can reside
within the same manipulator assembly depending on the number of electrical feed-throughs.
Molecular coverage can be determined through use of STM imaging or AES and related to
specific deposition parameters.
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Figure 3-7: Schematic of physical vapor deposition source at end of rotary feed-through.
Dotted-to-solid black lines representing the tungsten wire filament attached to the leads of
the rotary feed-through (not shown). The shutter is also connected and controlled through
the rotary feed-through. The sample must be within line-of-sight of the deposition envelope
for proper transport of molecules.
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3.4

Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is an extremely surface sensitive chemical analysis tool,
which relies upon the Auger effect to determine chemical properties and relative surface
coverage of various elements.

EAuger

(A) Electron Collision

(B) Auger Electron Emission

(C) Energy Level Diagram

Figure 3-8: Auger Effect. (A) Creation of inner-shell vacancy by incident electron (B)
Electron transition and Auger electron transmission with characteristic energy, EAuger (C)
Energy level diagram depicting Auger effect [26]

The Auger effect is two-state process of a non-radiative transmission defined by the
emission of electrons following the creation of an inner-shell vacancy (see Figure 3-8 (A)).
A higher-shell electron will transition to fill this vacancy, releasing energy as it becomes
more strongly bound. With this energy, another electron can exceed the vacuum level and
escape from the atom (see Figure 3-8 (B),(C)). The energy of the emitted Auger electron is a
property of both atomic structure and the energy of the initial inner-shell vacancy [92]. The
Auger electron energy can be used to determine the element in which the effect takes place.
As the Auger effect is constituted by a series of transitions, its associated nomenclature
specifies the orbital in which each of the three transitions originates. For example, the sulfur
(S-LLV, 150 eV) and carbon (C-KLL, 265 eV) Auger peaks were used in determining relative
TTPO coverages.
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AES is conducted through the use of an electrostatic analyzer (ESA) (see Figure 39). Specifically, a cylindrical mirror analyzer, STAIB R ESA 150, is used on our vacuum
chamber [27]. The process involves creating the initial vacancy, segregating emitted electron
energies, and detecting said electrons. The surface to be studied is bombarded with a
monochromatic low-energy electron beam which cannot penetrate far into the sample. Auger
electrons will only be generated by those atoms within several nanometers of the surface.
The cylindrical mirror analyzer is employed to selectively pass emitted electrons of specific
energies from sample to detector to be ’counted’.

Figure 3-9: STAIB ESA (electrostatic analyzer) 150 for Auger electron spectroscopy. Corehole created by coaxial electron gun, electron energy segregation by cylindrical mirror analyzer [27].

The resulting spectrum is presented in its differentiated form, dN(E)/dE (see Fig. 310). With the peaks no longer corresponding directly to electron counts, it is important to
examine both the intensity and relative shape of each peak. The procedure to use the AES
in the chamber is given in Appendix G.

61

Figure 3-10: Auger spectrum of gold. dN(E)/dE vs. EAuger . EAuger = 100 – 350 eV, intensity
is in arbitrary units. From Ref. [26]

3.5
3.5.1

Scanning Tunneling Microscopy (STM)
STM

Gerd Binnig and Heinrich Rohrer’s investigation of the possibility of using tunneling electrons
to probe the surface of conductors and semiconductors lead to the original invention of the
STM in 1981 [93, 94]. Developed while working at IBM Zurich Research Laboratories in
Switzerland in 1983, the first atomic resolution image of two unit cells of the disputed
(7 × 7) reconstruction surface of Silicon (111) was produced by STM. This image captured
the attention of the surface science world and the STM would later win Binnig and Rohrer
the Nobel Prize in physics in 1986. The STM is based on several principles. The quantum
mechanical effect of tunneling allows for the imaging of the surface at an extremely small
scale. By scanning a very sharp metal tip very close to a surface and applying an electrical
voltage between the tip and sample, the surface can be resolved down to individual atoms
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and molecules. The piezoelectric effect allows for the precision necessary to scan the tip
with Ångstrom-level control. Lastly, a feedback loop monitors the tunneling current and
coordinates the current and the positioning of the tip.

Figure 3-11: Schematic representation of a scanning probe microscope (SPM). Different
probe techniques and their relative resolutions are based on the tip-surface interaction and
the method of sensing that interaction. In STM it is the tunneling current that is sensed.
Image include from Ref. [28].
STM has evolved into an entire catalogue of scanning probe microscopy (SPM) techniques [28]. Figure 3-11 is a schematic representation of the essential elements for any
scanning probe microscope. The tip-sample interaction measured defines the type of SPM
and the subsequent spatial resolution possible. For example, if mechanical forces are measured by physical contact between tip and sample, then the radius of curvature of the tip
and the elastic compliance of the substrate limit the possible spatial resolution. In STM, the
tunneling current is probed, where the exponential dependence of the current on tip-sample
separation results in the possible single atom resolution. For SPM techniques in general, the
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finer one can make the tip, the higher the x-y spatial resolution. A single atom ideally terminates the end of STM tips. The z (or normal direction) resolution depends solely upon the
z dependence of the interaction between tip and sample. Because of tunnelings exponential
form, STM is the most sensitive SPM technique, easily achieving 0.005 nm sensitivity.
The exponential dependence of tunneling current on electrode separation is the essential
element of the STM, a device that can produce exquisitely well resolved images of molecules
and atoms. Modern scanning tunneling microscopes are capable of resolving single atoms
at temperatures ranging from near 0 K to above 600 K. STM images have been acquired in
UHV, in air, even in electrochemical cells. The STM has allowed us to visualize the nanoscale
world in a way that is essential for understanding processes on that scale.

3.5.2

Tunneling Theory

Tunneling is a quantum mechanical effect. A tunneling current occurs when electrons move
through a barrier that classically would not be allowed. In classical terms, without enough
energy to pass ’over’ a barrier, there is no way to get to the other side. However, in the
quantum mechanical world, electrons have wave-like properties. These waves do not abruptly
end at the barrier, but taper off quickly within. For a sufficiently thin barrier, the probability
function may extend into the next region though the barrier. Even with only this small
probability, given enough electrons, some will move through and appear on the other side.
Electrons moving though the barrier in this manner are tunneling, and the flow of electrons
from one side to the other is the tunneling current. In terms of STM, the electrons tunnel
from the metal tip through a gap to the conducting surface. Because of the sharp exponential
decay in probability through the gap between the tip and surface, the number of electrons is
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highly dependent on the distance of the gap. By monitoring the current of electrons through
the gap, we have very good control of the tip-surface distance.
Figure 3-12 (A) is a diagram depicting atoms in the tip coming into close proximity to a
surface. The filled electronic states of the tip (B) and sample (C) come together at a small
barrier distance and with the application of an appropriate voltage bias ∆V (D), a small
number of electrons will tunnel from the tip to the sample (E).
As an approximation of STM, tunneling through a one-dimensional potential barrier can
be explained as follows: For an electron with energy E smaller than the potential Φ within
the barrier, quantum mechanics predicts an exponential decaying solution for the electron
wave function in the barrier [95].

Ψ(d) = Ψ(0)e−κd

where

p
2m(Φ − E)
κ=
~

(3.3)

The probability of finding an electron behind the barrier of the width d is

|Ψ(d)|2 = |Ψ(0)|2 e−2κd

(3.4)

In scanning tunneling microscopy, a small bias voltage ∆V is applied so that the tunneling of electrons results in a tunneling current I. Depending on the applied bias voltage
the direction of tunneling can be changed. The height of the barrier Φef f can roughly be
approximated by the average work function of sample ΦS and tip ΦT .

1
Φ = (ΦS + ΦT )
2

(3.5)

If the voltage is much smaller than the work function, ∆V  Φ, the inverse decay length
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Figure 3-12: (A) Drawing of STM tip approaching surface. Diagram of potential well of tip
(B) and sample (C). Electrons fill to EF following Fermi statistics. Φ is the work function
of each metal, and V L (Vacuum Level) is the energy at which electron escapes from the
solid. (D) Diagram of interaction of tip and sample at small distance d, when sample is
biased by ∆V causing electrons to tunnel from the tip to the sample. (E) Diagram showing
exponential decay of electron wavefunction tunneling through barrier of distance d from the
tip to the sample.

66

√

for all tunneling electrons can be simplified to κ ≈

2mΦ
.
~

The current is proportional to the probability of electrons to tunnel through the barrier:

I∝

EF
X

|Ψn (0)|2 e−2κd

(3.6)

En =EF −∆V

By using the definition of the local density of states for  → 0,

E

1 X
ρ(r, E) ≡
|Ψn (0)|2
 E =E−

(3.7)

n

The current can be expressed by Equations 3.8 and 3.9 where distance d is in Å and Φ is in
electron volts (eV).

I ∝V ρS (0, EF )e−2κd

√

I ≈V ρS (0, EF )e−1.025

(3.8)

Φd

(3.9)

With 5 eV as typical metal work function value, a change of 1 Å in distance causes a
change of nearly one order of magnitude in current. This is the reason for the high resolution
we see in STM. Also I ∝ V ρS (d, EF ), which means that the current is proportional to the
local density of states (LDOS) of the sample at the Fermi energy at a distance d, i.e. the
position of the tip. The STM specifically probes the LDOS of the sample.
A more exact calculation of the current density of the square barrier problem requires the
Schrödinger’s equation to be solved in the three regions: before, in and behind the barrier
(the vacuum). The coefficients have to be adapted so that the overall solution is continually
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differentiable. There are a number of approaches, including those of Bardeen [96], Tersoff
and Hamann [97].
One such treatment of the tunneling problem based on WKB (Wentzel, Kramers, Brillouin) [98] [44] method finds that the tunneling current is given by the expression:

Z

eV

ρS (r, E)ρT (r ± eV ∓ E)T (E, eV, r)dE

I=

(3.10)

0

where the density of states of the tip (ρT ) and sample (ρS ) as a function of position along
the surface plane must be considered along with the exponential transmission probability
(T ) of the tunneling electrons.

3.5.3

STM in Practice

The STM apparatus relies on piezoelectric materials and electronics controlled by a feedback
look for actual operation, as explained in Figure 3-11. The piezoelectric effect of certain
crystals, such as quartz, barium titanate, or lead zirconium titanate, can be utilized to
create small deflections of the scanning tip [28]. By applying a voltage across a piezoelectric
crystal, it will elongate or compress. The tip movement relying on piezoelectric motors can
be accurately controlled electronically. Electronics measure the current, scan the tip, and
translate this information into a form that we can use. A feedback loop constantly monitors
the tunneling current and makes adjustments to the tip to maintain a constant tunneling
current, in ’constant current’ mode. These adjustments are recorded by the computer and
presented as an STM image. ’Constant height’ mode, where the feedback loop can be turned
off and only the current is displayed, is far less useful for experimental surfaces of unknown
morphologies. Repeated contact between tip and surface (called crashes) can destroy the
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tip.
STM image scan size range from hundreds of nanometers to Ångstroms. Typical current
values range from picoamps to nanoamps, while the bias voltage can vary from millivolts to
volts. The bias voltage can alter whether electrons are tunneling from the tip to the sample
or vice versa. In STM you are almost never measuring a true height. The changes in tip
height with position under feedback control reflect both the tip-sample separation and the
spatial variation of the local density of surface states (LDOS) of the sample. The height is
only true if the LDOS or local work function is constant across the surface. This is not the
case for the study of adsorbates on surfaces. STM results are direct representations of surface
electronic state, not physical position; however, positional information can be inferred from
the x-y map of electronic states. It is a ’topographical’ representation of the surface, where
lighter areas correspond to higher surface electronic features. STM images can take anywhere
from a few seconds to minutes to complete depending on parameters. The STM is capable
of acquiring remarkable images on the most extreme scale, easily resolving atomic structure
in the right environments.

3.5.4

SPECS Aarhus STM

The STM used for my dissertation research is a commercially available STM from SPECS
GmbH, Germany [29,99]. It was designed by the University of Aarhus, Denmark; the SPECS
150 Aarhus, Figure 3-13 and 3-14. The STM is completely mounted on a single, removable
flange. Apart from maintenance reasons, the chamber is an enclosed system, where all sample
preparation and investigation can be done in UHV. STM tips can even be sharpened by the
appropriately positioned ion sputter gun if necessary, as explained in Appendix H.
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Figure 3-13: Computer rendered drawing of main chamber of SPECS system. Through the
main port, the sample holder can be seen in green and the STM assembly can be seen in the
background. Both ion sputtering guns are visible outside the chamber. [29]

Figure 3-14: Camera image through front port of the main chamber. The sample preparation
stage (on the garage) and the end of the ion sputtering gun are in the foreground. The goldfinished STM assembly is in the background, with the tip sputtering gun coming down from
above.
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The scanner head of STM assembly can be seen in Figure 3-15. The sample holder is
placed with the sample facing down towards the STM assembly, and the tungsten tip comes
up from below. The coarse approach motor is inch-worm or slip-stick style and brings the
tip within a few microns of the surface, where the piezoelectric precision of the scanner tube
is needed.

Figure 3-15: Computer rendered drawing of STM scanner head. To accommodate redesigned
sample holders, the light-blue metal plate shown attached to the STM at the end of the
sample holder was removed. [29]

Overall the SPECS system is a very compact system, with extreme stability, variable
temperature (90 K to 400 K), capable of fast scanning, and variable scanning modes. The
only drawback to the system is not directly related to the vacuum system itself. The software
and controller for the STM is outdated. SPECS no longer sells the version we have, and until
we can acquire a replacement, they have done their best to offer support and suggestions.
The STM still functions, some days it is just temperamental. There are many things that
can be detrimental to STM experiments, but unreliable software is minor. This only proved
unsatisfactorily problematic when dealing with low-temperature scanning.
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Low Temperature STM
Most of the images obtained for this dissertation were scanned under room temperature
conditions. The SPECS Aarhus is capable of operating at reduced temperatures. The main
advantage of low temperature STM is increased stability for scanning. At low temperatures,
adsorbates have less kinetic energy so they are easier to image. Mobile molecules, difficult
to image at room temperature, sometimes behave better at lower temperatures. Liquid
nitrogen can be used to cool the sample for low-temperature STM. A Zener diode is used
to counter-heat the STM body during cooling. A cold sample surface attracts contaminants
more quickly, so maintaining UHV is very important.
Low temperature operation adds an additional complication to STM experiments. As
mentioned before, the software/hardware for controlling the STM can be unreliable; this
is a problem in low temperature STM. Because of the small window of time where your
prepared sample will remain clean and cold, the unreliable STM imaging can mean a loss
of weeks before your UHV and sample preparation is duplicated. This posed a significant
problem towards the end of my research, when the STM became even more unreliable. After
multiple attempts and troubleshooting, the plan to image TTPO molecules on Au(788) at
low temperatures had to be altered. Appendix I presents my procedure for low temperature
STM and explains the specifics and outcome of my year long study.

Summary of Experimental Availability and Procedure: All research was done within the
Surface Physics group of Professor Karsten Pohl here at the University of New Hampshire.
The group laboratory provided all necessary equipment in house, including an ultrahigh vacuum (UHV) chamber and SPECS – Aarhus Scanning Tunneling Microscope. Our approach
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towards molecular self-assembly in UHV is as follows: The organic molecules are deposited in
situ from a powder onto pristine surfaces via physical vapor deposition (PVD). The molecules
then diffuse and arrange themselves on substrates in a way that an energy balance between
molecule-molecule interaction and molecule-substrate interaction is reached. Data acquisition is completed via STM at room temperature. For this TTPO study, the single crystal
gold substrate was atomically clean after repeated cycles of ion sputtering and annealing, and
the TTPO molecules were developed and created by Professor Millers group at UNH. The
TTPO PVD source was built and installed across from DCP and fullerene sources still within
the chamber. An Auger Electron Spectrometer (AES) was added to the chamber to enhance
our organic molecular film preparation. Necessary chamber modifications for this experiment
were made.
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Chapter 4
Density Functional Theory
In this chapter of my thesis, I will explain density functional theory and Quantum ESPRESSO
on the particular computers utilized in my work with a sort of dual purpose:
1. to give adequate background to explain my research calculations
2. to leave a comprehensive introduction for implementing QE calculations for my research
group

4.1

Background on Density Functional Theory

Density functional theory is a successful approach for finding solutions to fundamental equations describing the quantum behavior of molecules and atoms. It is a tool used regularly by
researchers in physics, chemistry, materials science, chemical engineering, geology, and other
disciplines [100]. Solving the Schrödinger equation for the ground state energy is a fundamental problem of quantum mechanics. For systems like a particle-in-a-box or a harmonic
oscillator (i.e. what you are introduced to in an introductory Quantum Mechanics course),
the Hamiltonian describing those systems has a simple form and the Schrödinger Equation
can be solved exactly.
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In more complex and realistic systems, where multiple electrons interact with multiple
nuclei, the Hamiltonian becomes more complicated and approximation methods are necessary
to solve such a many-body problem [101]. This can be done by using density functional theory
and shifting importance in the calculations from the wave functions to the electron density
n(~r).
Density functional theory rests on two fundamental mathematical theorems proved by
Kohn and Hohenberg [102] and the later derivation of a set of equations by Kohn and
Sham [103] in the mid-1960s.

Theorem 1:

The ground-state energy from Schrödingers equation is a unique
functional of the electron density.

Theorem 2:

The electron density that minimizes the energy of the overall
functional is the true electron density corresponding to the full
solution of the Schrödinger equation.

The theorems state that a functional of the electron density exists which can solve the
Schrödinger equation, but does not provide the form of the functional. Kohn and Sham
showed that finding the right electron density can be expressed in a way that involves solving
a set of equations in which each equation involves only one electron [103]. The Kohn-Sham
equations have the form:

75

[−

~2 2
∇ + Vions (~r) + VH (n(~r)) + VXC (n(~r))]ψi (~r) = i ψi (~r)
2m

(4.2)

where the electron density,

n(~r) =

X

|ψi (~r)|2

(4.3)

i

In Equation 4.2, Vions is the ionic potential appearing in the full Schrödinger equation.
VH is the Hartree Potential, which describes the Coulomb repulsion between one electron
and the total electron density defined by all electrons.

2

Z

VH (~r) = e

n(~r 0 ) 3 0
d ~r
|~r − ~r 0 |

(4.4)

The VXC is the exchange-correlation potential (includes self-interaction effects of VH ), which
is the functional derivative of the exchange-correlation energy.

VXC (~r) =

∂EXC (n(~r))
∂n(~r)

(4.5)

Though similar to Equation 4.1, the summations inside the full Schrödinger equation are
missing because the Kohn-Sham equations are single-electron wave functions that depend
on only three spatial variables, ψi (~r) [100].
The functional in density functional theory pertains to the exchange correlation and
this term is the crucial approximation in the Kohn-Sham approach. There is only one case
for which the exchange-correlation functional can be derived exactly: the uniform electron
gas, for all others the true form is simply not known [100]. For approximation of other
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systems, we can set the exchange-correlation potential at each position as the known uniform
electron gas potential at the electron density observed at that position. This is known
as the local density approximation (LDA) because it uses only the local density to define
the approximate exchange-correlation functional. There are many other functionals that
have been tried within DFT calculations [100]. The best known type after LDA being the
generalized gradient approximation (GGA) which includes the local electron density and
a gradient of this density. For solids, Perdew-Wang (PW91) and Perdew-Burke-Ernzerhof
(PBE) functionals are widely used for GGA [100].
Solving the Kohn-Sham equations is circular. To solve the Kohn-Sham equations, we
must define the Hartree potential, which requires knowing the electron density. But to find
the electron density, we must know the single-electron wave functions, which must be solved
for using the Kohn-Sham equations. As such, an iterative approach is necessary to get
meaningful results from these equations.

4.1.1

Self-Consistency and the Calculation Routine

In summary, the ground state energy of the Schrödinger equation we seek can be found by
minimizing the energy of an energy functional by finding a self-consistent solution to a set
of single-particle equations. This problem is treated in an iterative way as follows:
1. Define an initial, trial electron density, n(~r).
2. Solve the Kohn-Sham equations using the trial electron density for the single-particle
wave functions, ψi (~r).
3. Calculate a new electron density, nKS (~r) from the Kohn-Sham wave functions.

77

4. Compare the trial electron density to the new electron density. If the electron densities
are self-consistent; i.e. the difference between the two values is less than a certain
specified value for demanded accuracy (range 10−5 - 10−6 usually), this density is
taken as the ground-state electron density which can then be used to compute the
total energy. If the electron densities are too different, a new trial electron density will
be generated, and the calculation loop will be repeated until self-consistency occurs.
Once self-consistency is reached, it is important to test the convergence of the physical
properties evaluated. This iterative method of calculation is followed within DFT packages
like Quantum ESPRESSO. A diagram of this approach is given in Figure 4-1.

Vion&1)"2)&"3&4")053.45%6&
7)8/+#&9.%00&n(r)
@%)%3+5%&)%2&n(r)&

:+#4.#+5% VH +)6&VXC
!"#$%&'"()&*&!(+,&%-.+/")0&

:+#4.#+5%&)%2&n(r)&
!%#;<4")0805%)5&=&
:+#4.#+5%&5"5+#&%)%39>?&;"34%?&%54&
Figure 4-1: Schematic of self-consistent field (SCF) iterative loop. This loop solves the
Kohn-Sham equations for a set of fixed nuclear (ionic) positions.
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4.1.2

Convergence

DFT calculations are first principle (ab initio) plane-wave pseudopotential calculations.
There are two major convergence issues for DFT calculations. The first has to do with
where you cut off the wave-function expansion and the second has to do with how well you
define the grid which approximates the continuous integral over the Brilluion Zone [100].
Because we are dealing with infinite systems using periodic boundary conditions, we can
use the Bloch theorem to describe our wave functions [100].

~

Ψn~k (~r) = eik·~r Un~k (~r)

(4.6)

Where the periodic part of the wavefunction U (U is periodic in the same way as the lattice)
can be expanded in terms of a discrete plane-wave basis:

Ψn~k (~r) =

X

~

~

C~k,G ei(k+G)·~r

(4.7)

G

Plane waves are surfaces of constant parallel phase perpendicular to the direction of
propagation [100]. Selected plane waves should have a periodicity compatible with the
periodic boundary conditions of our direct system. The plane wave basis is only complete
~ vectors in reciprocal space. However, in actual
in the limit of an infinite number of G
calculations, we have to limit the plane wave expansion at some point. The coefficients at
large kinetic energy are very small, so we truncate the expansion at a particular cutoff energy
~ ). Adequate cutoff
Ecut (which corresponds to the kinetic energy of the highest included ~k+ G
energy is necessary to reach convergence; with higher cutoff energies increasing accuracy as
well as computational cost.
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The plane wave basis can be represented as a grid in reciprocal or ~k-space, and the
cutoff energy allows us to only deal with a finite number of ~k-points in the first Brilluion
zone [100]. Choosing the correct number of ~k-points is important for convergence. Denser ~kpoint grids increase accuracy and produce finer, sharper features in calculations (i.e. DOS),
but for computational reasons the number of ~k-points should be kept minimal. Like for
cutoff energy, an appropriate balance must be found.

4.1.3

DFT Results

It is imperative to understand the limitations of DFT. DFT does not produce exact solutions
to the Schrödinger equation; the exact form of the theorized Hohenberg - Kohn functional is
still unknown [100,102]. There is intrinsic uncertainty in the calculated electron densities we
approximate as the ground-state; and in many cases, there is no direct way to understand the
magnitude of this uncertainty without careful comparison with experimental results. DFT
should be seen as a tool for making powerful predictions about complex systems, and as a
complimentary method to experimental results. Common DFT limitations: limited accuracy
in the calculation of excited electronic states, underestimation of calculated band gaps,
inaccurate van-der-Waals force interactions, and computational limitations of computers on
system size [100].
The most basic type of DFT calculation computes the total energy of a set of atoms
at prescribed positions in space, a self-consistent field (SCF) loop, Figure 4-1. When the
atoms and molecules within our calculation system are allowed to move we are performing
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a different type of calculation.
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Figure 4-2: Schematic of relaxation iterative loop. Outer relaxation loop is in orange, inner
SCF loop is within the orange rounded-rectangle.

The optimization of structures can be done by an ionic relaxation calculation, Figure
4-2. To find the most probable position of a molecule on a surface, you must find the
position corresponding to the lowest energy. This is done through a series of calculations
which use the forces acting on each atom to generate new atomic positions which are selfconsistently minimized until the structure is optimized. This calculation is essentially an
iterative SCF loop within an outer loop for iterating ionic positions. Relaxation calculations
are computationally costly and can run for very longcalculation times, sometimes greater
than a month.

81

One DFT SCF calculation can locate a single local minima in energy, but potentially
more minima can be located with different initial estimates and further calculation; there
is not enough information after calculations to prove that all minima have been found. By
utilizing relaxation calculations, the positions of specific atoms and molecules can be changed,
probing the energy landscape of the system at increasingly lower total energies. This is a
more efficient means of determining structures with DFT. However, as the complexity of
a system increases, it is difficult to conclusively determine favored configurations without
experimental guidance. There is also no guarantee that calculations for an arbitrary initial
estimate will ever converge to a solution. Utilizing evidence of what you might expect a
solution to look like is a good first step towards a convergent calculation.
One of the best ways of utilizing DFT results is by the comparison of similar systems. The
relative energies of chemically similar states can be calculated much more accurately with
DFT than absolute energies. If two calculations compare similar systems, the systematic
errors for both calculations are similar and to a degree cancel with comparison.
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Examples:

The different possible adsorption geometries of a single molecule
on a surface can be compared; where the differences in their
total energies correspond to the energy cost (or gain) in moving
between various sites on the surface.
The adsorption energy of a molecule at a particular surface position can be calculated by subtracting the total energies of the
isolated surface and molecule from the total energy of the surface
and molecule interacting.
EAdsoption = EM olecule on Surf ace − ESurf ace − EM olecule

When DFT calculations for multiple systems are compared to calculate energy differences,
ideally as many parameters as possible should be kept the same, i.e. the energy cutoff, the
unit cell or density of ~k-space sampled, pseudopotentials used, etc.

4.2

The Quantum ESPRESSO Package

Quantum ESPRESSSO (QE) [104] is an open-source software package for ab-initio electronic
structure calculations and materials modeling at the nanoscale. Based on density functional
theory, plane waves and pseudopotentials, QE is one of many first-principle codes [105–108]
utilized to realistically model atoms and molecules. ESPRESSO stands for opEn-Source
Package for Research in Electronic Structure, Simulation, and Optimization. The QE package can be utilized for different types of calculations as well customized for specific systems.
It is a very useful tool.
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4.2.1

PW Input Files

The PWscf (Plane-wave self consistent field) code in QE can be used for electronic structure
calculations [109]. The QE package includes a graphical user interface (GUI) [110] for the
easy creation of INPUT files [111]. The INPUT file is essentially a text file structured with
all the necessary parameters for a particular calculation.

Table 4.1: PWscf input file with added line numbers and line breaks for clarification. The
atomic positions for the majority of atoms in the calculation are omitted (lines 37-38 are a
place holder). Take note: this input file is not complete and has been altered, its direct use
will produce errors in QE calculations.
Line :
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Example Input File for Self-consistent Field Calculation
Example file
&CONTROL
title = ’LH 2 TTPO on 1 layer Au(111)’ ,
calculation = ’scf’ ,
outdir = ’/mnt/lustre/lus0/home/spg/ami3/tmp/’ ,
pseudo dir = ’/home/spg/ami3/espresso-5.0.3/pseudo/’ ,
prefix = ’LH2TTPOAu1v2’ ,
/
&SYSTEM
ibrav = 8,
celldm(1) = 32.30549112,
celldm(2) = 1.732050807,
celldm(3) = 0.99,
nat = 144,
ntyp = 5,
ecutwfc = 40.d0 ,
ecutrho = 400.d0 ,
degauss = 0.001 ,
smearing = ’fermi-dirac’ ,
exxdiv treatment = ’gygi-baldereschi’ ,
/
&ELECTRONS
conv thr = 1.0d-6 ,
mixing mode = ’local-TF’ ,
mixing beta = 0.7,
/
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Line :
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Continuation of Example File 4.1
Example file
&IONS
/
ATOMIC SPECIES
Au 197.00000 Au.pz-van ak.UPF
C 12.00000 C.pz-van ak.UPF
H 1.00000 H.pz-van ak.UPF
O 16.00000 O.pz-van ak.UPF
S 32.00000 S.pz-van ak.UPF
ATOMIC POSITIONS angstrom
Au 0.000000000 0.000000000 0.000000000 0 0 0
Au 0.000000000 4.935022606 0.000000000 0 0 0
----S 12.590003605 9.780927756 2.893688503
S 7.952629086 9.695060463 2.566798609
K POINTS automatic
411100
End of Example File

The QE PWscf input file is broken into specific sections called cards separated by the
character ’/’. Different calculations call for different cards to be filled out. For the scf
calculation specific to Table 4.1, we see the CONTROL, SYSTEM, ELECTRONS, IONS,
and ATOMIC (species, position, and k-pts) cards, but the IONS card is blank and as such can
be omitted because it contains no necessary parameters for the SCF calculation. Parameters
not specified in the input file, but necessary for specific calculations are set to the default.
It is necessary to understand what default settings you are assigning to your calculation
when you omit parameters. Use of the GUI interface, offers parameter explanations as well
as default values not present on input files. The QE website [111, 112] also has extensive
information on input file generation.
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Calculation Types
The Control card of the input file specifies how the input file is run. It is your link to the
libraries and pseudopotentials [Table 4.1 Line: 5 = L4.1:5] used for computation as well
as where your temporary data and output [L4.1:4] is stored. Most importantly, it specifies
the type of calculation you wish to run [L4.1:3]. The PWscf calculation types used in my
dissertation are self-consistent field scf and ionic relaxation relax.

Atomic Basis, Unit Cell and Supercells
Choosing the correct size and shape of the system is crucial in performing an efficient,
convergent calculation. Utilizing the fact that the structures and properties of a crystal
repeat periodically in space, a Bravais lattice and atomic basis can be defined which will
simplify calculations onto a unit cell. A Bravais lattice defines the shape of the unit cell and
how it repeats, while the atomic basis specifies the atom types and arrangement within. QE
can use all the Bravais lattice types found in any solid state textbook as well as implement
a ’free’ lattice that is user defined. The size and shape of the Bravais lattice and the atoms
which make up the atomic basis are specific to the system used. For infinite crystals, this
can be trivial; for surfaces, molecules, defects or some combination, this can be complex. It
is necessary for the unit cell to have periodic boundary conditions and be as simplified as
possible (the larger the unit cell, the larger the computational cost). It can sometimes be
very tricky to determine the correct unit cell for non-periodic structures. For complex cases,
this can be overcome by building a supercell which contains the non-periodic structure and
is repeated periodically, Figure 4-3 [100].
For the calculations of molecules on a surface, I created a supercell consisting of a gold
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Figure 4-3: Born von Karman supercell approach. The supercells must be sufficiently large
to maintain isolation of the non-periodic structure.
surface, a molecule atop the surface and a vacuum region (17 Å) above. The vacuum region is
sized such that there is no interaction of the surface or molecule atoms with the next surface
or molecule periodically placed across the vacuum. The number of atomic layers within
the slab necessary to approximate a surface is dependent on the property being calculated,
material of slab, and the geometry within the supercell [100]. With more layers always
having increased accuracy, the choice of the number of layers to include is a compromise
between computational cost and physical accuracy. For calculations exploring the structures
TTPO can have on close-packed gold, one stationary atomic layer of gold was used to decrease
computational cost. For calculations requiring increased accuracy, i.e. binding energy, LDOS,
or other electronic effects, more gold layers are necessary and the structure of the gold surface
would ideally be allowed to relax. In an asymmetric supercell, where the slab atoms are at
one end of the cell and the vacuum is at the other, 4 or 5 layers of gold is adequate [113,114].
For a symmetric slab, where the slab is in the center of the cell with vacuum on both ends,
about 9 layers of gold would be necessary [100]. Though the smaller number of layers in an
asymmetric supercell makes it seem a simpler system, this asymmetry causes a dipole which
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must be corrected within the cell that cancels out in the symmetric supercell.

Figure 4-4: (3 x 3) grid of supercells (in y and z directions) for two TTPO molecules on
one atomic layer of gold emphasizing vacuum region between the supercells. This supercell
corresponds to the supercell in the sample input file Table 4.1.

In the QE input file, the unit cell or supercell is completely defined with the parameters
in Cards: System, Atomic Species and Atomic Positions. The bravais lattice type is given on
Line 4.1:9 and the size of the bravais lattice [L4.1:10-12] is given in atomic units (for specifics
check Ref. [110]). The total number of atoms [L4.1:13] and types [L14] on the system card
must match the number of atomic species and atomic positions. The molecular weight of
specific atoms [L4.1:29-33] is user defined. The units [L4.1:34] of the atomic positions is
specified and each atom is defined as followed:
LINE: 35 [atom type] [x position] [y position] [z position] [x fixed] [y fixed] [z fixed]
The [? fixed] constraint is for whether the atom is allowed to move in certain directions. This
becomes very important for certain calculations like relaxations and molecular dynamics
simulations. A ’0’ constraint holds the atom fixed [L4.1:35]; a default ’ ’ (blank) or ’1’ allows
the atom to move [L39]. In my structure calculations, I hold the Au atoms fixed and as such
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can get away with fewer layers as an approximation of the surface.

Cutoff Energy and Convergence
For your calculation to converge, it is important to set an appropriate kinetic energy cutoff
[L4.1:15] for the wave function. Values are dependent on pseudopotentials used, but 20- 40
Ry is a reasonable range. High values produce more accurate results and are necessary when
discerning fine features; e.g. density of states calculations, but are computationally costly.
The kinetic energy cutoff for the density [L4.1:16] is by default 4 times the wavelength cutoff
energy unless otherwise specified. A convergence threshold [L4.1:22] value smaller than the
default (1×10−6 ) will produce a more accurate result. A calculation which does not converge
in a specified number of SCF iterations may need a reduced convergence threshold.
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Basic Corrections for Metallic Slab Supercells

Smearing:

Artificial smearing is necessary for systems involving metals due to the
difficulty in integrating at the Fermi surface (discontinuity). The type
of smearing [L4.1:18] and spread of the smearing [L4.1:17] can be specified. Smaller spreading increases accuracy. For my calculations, I utilized ’fermi-dirac’ and ’marazari-vanderbilt’ smearing, with a spreading
of 0.001 Ry in all supercells approximating a gold surface.

Mixing-mode:

To create a new trial electron density at the end of an SCF iteration,
the old and new electron densities must be combined or mixed in some
way. The mixing-mode [L4.1:23] value improves convergence, but must
be appropriate for the system. For slab geometries, local-TF screening
is preferred. For a highly in-homogeneous system, it uses local density
dependant Thomas-Fermi screening to dampen charge sloshing. Default
mixing-beta [L4.1:24] is 0.7 but reduction to ∼0.3 - 0.1 or less can help
with convergence problems, if needed. Mixing-beta refers to the amount
of the new density used at each step of the calculation.
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Dipole-

For asymmetric slab geometries, a dipole-correction is needed for in-

Correction:

creased accuracy [115]. The following additional parameters added
in the control and system cards of an input file will create a dipolecorrection, Table 4.2. The dipole correction is set by Table 4.2 Lines
1 and 2. The direction of the correction [L4.2:6] is perpendicular to
the slab geometry. The correction causes a saw-like potential which
increases to the middle of the vacuum region [L4.2:7] with a specific
slope [L9], then decreases to recover periodicity for a small percentage
of the vacuum [L8]. For an isolated slab, eamp is set to zero from the
default value of 0.001 a. u.

Table 4.2: Additional lines needed to add a dipole-correction.
Line :
1
2
3
4
5
6
7
8
9
10

Input For Dipole Correction
Example File
&CONTROL
tefield = .true. ,
dipfield = .true. ,
/
&SYSTEM
edir = 3,
emaxpos = 0.55,
eopreg = 0.06,
eamp = 0,
/

Pseudopotentials
Many different pseudopotentials exist which can be used to approximate the electronic
wave functions of your system. Libraries exist with various pseudopotentials for different
atoms [116]. It is necessary to use the same exchange-correlation type of pseudopoten91

tial for each type of atom in your system [L4.1:28-33 third term] and specify it in the
input file. The two most common types of pseudopotentials are local density approximation
(LDA) and generalized gradient approximation (GGA). For my calculations, I used PerdewZunger (LDA) exchange-correlation Vanderbilt ultrasoft pseudopotentials or Perdew-BurkeErnzerhof (PBE) exchange-correlation Vanderbilt ultrasoft pseudopotentials.

~
K-points
After K POINTS [L4.1:41], the automatic tells PWscf to automatically generate a ~k-point
grid using the Monkhorst-Pack grid method. The ~k-points are specified by the form:
LINE 42: [nky] [nky] [nkz] [offx] [offy] [offz]
where [nk?] is the number of intervals in a given direction and [off?] is the offset of the origin
of the grid. The best ~k-point grids evenly space the ~k-points in all directions. As such the
number of ~k-points in a given direction is dependent on the unit cell in reciprocal space.
Remember a lattice vector that is longer in real space will be shorter in reciprocal ~k-space.
The number of ~k-points needed is inversely proportional to the volume of the supercell; i.e.
a volume increase in real space is a volume decrease in reciprocal space. For slab supercells,
where one dimension includes a vacuum region, accurate results are possible with only one
~k-point in that dimension. Various ~k-points should be tested to explore convergence issues.
[E.g. For increasing numbers of ~k-points, the calculation is said to converge at the number
of ~k-points for which the change in total energy is less than 0.003 eV.] The number of ~kpoints used in calculations should always be reported; and the density of ~k-points should be
comparable when comparing different supercells.
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4.2.2

Relaxation Calculation

The optimization of structures can be done by an ionic relaxation calculation. A relaxation
calculation must be specified in the PWscf input file [L4.1:3] or [L4.3:2]. It is necessary
to include the IONS card, which specifies the type of ionic dynamics [L4.3:5] used. The
default type uses the BFGS quasi-newton algorithm, based on the trust radius procedure,
for structural relaxation.

Table 4.3: Input file for relaxation calculation. IONS card must be included in the PWscf
input file for a relaxation calculation.
Line :
1
2
3
4
5
6
7
8
9
10
11

Example Input File for Relaxation Calculation
Example file
&CONTROL
calculation = ’relax’ ,
/
&IONS
ion dynamics = bfgs,
etot conv thr = 1.0D-4 ,
forc conv thr = 1.0E-3 ,
/
ATOMIC POSITIONS angstrom
Au 0.000000000 0.000000000 0.000000000 0 0 1
Au 0.000000000 4.935022606 0.000000000 0 0 1

The allowed directions of motion must be specified for each atom [L4.3:10-11]. The
convergence parameters specific to ionic relaxation are set to defaults given in a.u. in Table
4.3. For the ionic relaxation to converge and the calculation to end, both of the following
must be satisfied: the total energy change between two consecutive steps must be less than
etot con thr [L4.3:6] and all component of all forces must be smaller than the forc con thr
[L4.3:7]. There are other options such as a variable-cell relaxation calculation which can be
done (see QE for explanation [111]).
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Using Surface Relaxation
Surface relaxation accounts for the fact that the spacings between atomic layers near the
surface may be somewhat different from those in bulk. Allowing the top most layers of the
surface to move in the direction normal to the surface (as opposed to a complete surface
reconstruction) can be used to minimize the total energy of the supercell [100]. This creates
a more accurate representation of the surface when necessary in calculations. It is useful to
note: the movements of the atoms in surfaces are on the order of 0.1 Å.

Supercells for Adsorbates
Most likely there is an adsorbate on your surface which you are looking to relax in these
calculations. It is necessary in this case to adequately define your supercell such that the
adsorbate is or is not interacting with the adsorbates in the neighboring supercells. With
only one adsorbate in a supercell, we are still describing a periodic, regularly repeated surface
overlayer. There is no way to create a truly random layer of adsorbates, and isolated adsorbates can only by approximated by large supercells. This periodicity is however useful when
trying to study self-assembled monolayers. Structuring your supercell to account for the
periodicity of the adsorbate monolayer can be efficient in calculations. In practice, however,
finding the right supercell can be difficult, especially if the monolayer is incommensurate
with the underlying surface.

4.2.3

PW output files

A basic output file is given in Table 4.4 for a self-consistent field calculations. This file is
generated by the pw.x executable in Quantum Espresso.
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Table 4.4: QE example output file for self-consistent field calculation. Information pertaining
to the input file parameters, calculation implementation by the computer, subsequent selfconsistent calculation iterations, and subsequent bands are removed for ease of viewing.
Line :
1
2
3
4
5
6
7

Example Output File for Self-consistent Field Calculation
Example file
Program PWSCF v.5.0.2 (svn rev. 9656) starts on 25Jan2015 at 12:50: 4
This program is part of the open-source Quantum ESPRESSO suite
for quantum simulation of materials; please cite
”P. Giannozzi et al., J. Phys.:Condens. Matter 21 395502 (2009);
URL http://www.quantum-espresso.org”,
in publications or presentations arising from this work. More details at
http://www.quantum-espresso.org/quote.php

8
9
10
11

Parallel version (MPI & OpenMP), running on 128 processor cores
Number of MPI processes: 128
Threads/MPI process: 1
R & G space division: proc/nbgrp/npool/nimage = 128
· · · omitted info· · ·

12

Self-consistent Calculation

13
14
15
16
17

iteration # 1 ecut= 30.00 Ry beta=0.70
Davidson diagonalization with overlap
ethr = 1.00E-02, avg # of iterations = 2.0
negative rho (up, down): 0.920E-06 0.000E+00
total cpu time spent up to now is 638.2 secs

18
19
20

total energy = -8585.02998481 Ry
Harris-Foulkes estimate = -8595.26160645 Ry
estimated scf accuracy < 32.64159105 Ry
· · · omitted info· · ·

21

End of self-consistent calculation

22
23
24

k = 0.1250 0.0000 0.0000 (207517 PWs) bands (ev):
-22.0909 -21.9489 -21.8787 -21.8337 -21.7999 -21.7597 -19.4163 -19.1825
-19.0459 -19.0378 -19.0165 -18.9667 -18.7788 -18.5732 -18.4369 -18.4290
· · · omitted band info· · ·

25

k = 0.3750 0.0000 0.0000 (207504 PWs) bands (ev):
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Continuation of Example File 4.4
Line :
26
27

Example file
-22.0909 -21.9489 -21.8787 -21.8337 -21.7999 -21.7597 -19.4162 -19.1827
-19.0459 -19.0378 -19.0165 -18.9667 -18.7788 -18.5724 -18.4370 -18.4291
· · · omitted band info· · ·

28
29
30

total energy = -8584.73359233 Ry
Harris-Foulkes estimate = -8584.73359271 Ry
estimated scf accuracy < 0.00000061 Ry

31

The total energy is the sum of the following terms:

32
33
34
35

one-electron contribution = -39096.74410684 Ry
hartree contribution = 20210.90935051 Ry
xc contribution = -1600.32708652 Ry
ewald contribution = 11901.42825053 Ry

36

convergence has been achieved in 20 iterations

37

Writing output data file 6TTPOAu1stepk1.save
· · · omitted info· · ·

38

PWSCF : 2h18m CPU 2h22m WALL

39

This run was terminated on: 15:12:28 25Jan2015

40

=——————————————————————————=
JOB DONE.
End of Example File

The beginning of the output file has details on how the program was run [L4.4:8-11] as
well as specifics of the calculation [omitted in Table 4.4]. All iterations of the self-consistent
calculation are printed in the output file [L4.4:12-20]. The calculation completes [L4.4:36]
when convergence is reached or the number of iterative steps runs out. At the end of the
converged calculation, the bands [L4.4:23-24, 26-27] are computed for each ~k-point [L22,
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L25]. The Total Energy [L4.4:28] is calculated with the accuracy [L30], as well as all the
contributions [L32-36]. More information about the running of the program can be found at
the end of the output file, including data files [L4.4:37] and run time [L38].
From this output file any necessary post-processing [117] can be done; XCrySDen visualization [118], LDOS plots see QE documentation for options.

4.3

Parallel Computing with Quantum ESPRESSO

Electronic structure calculations can require a large amount of processing power. Parallel
processing is a mode of computer operation in which a process is split into parts that execute
simultaneously on different processors attached to the same computer. Running Quantum
ESPRESSO in a parallel configuration speeds up calculations which would take too long on
a single processor and makes it possible to run calculations which would never fit on a single
processors RAM. For parallel processing, both the hardware (computer) and software (QE)
must support this configuration. Quantum ESPRESSO can efficiently be run in parallel
machines [119], but it is necessary to user determine the best way to run the program. The
user defines how many processors are running, how much memory is available per processor,
etc., with the submission of a script to run QE in parallel. How you run your calculation in
parallel is dependent on the size of the calculation. Running a calculation that is very large
on a computer which does not have the adequate number of processors can be detrimental
to its efficiency, but running on too many processors in the wrong way can be as well. A
basic understanding of parallel computing as well as a bit of trial and error is needed to
run QE in parallel. I ran QE on two different parallel machines; and with each possessing a
different computer architecture, how I ran QE was different on each computer. Appendix J
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explains running QE on the Vortex computer, including an example submission script, useful
commands and common problems. Appendix K explains the installation and use of QE on
the Cray supercomputer Trillian, as well as example submission scripts, useful commands
and common problems. Appendix L consists of useful linux commands for creating and using
QE files.

It is necessary in DFT calculations to report what program you used as well as any approximations and pseudopotentials. The number of k-points as well as the energy cutoff should
be given along with the convergence thresholds used. Explaining the unit cell or supercell is
also useful.

To Summarize My DFT Calculations:
DFT calculations were run on an 8-node cluster machine and a Cray XE6m supercomputer using the Quantum ESPRESSO package. Local density approximation Vanderbilt ultrasoft pseudopotentials were used. Fermi-Dirac smearing with a Gaussian broadening of 1
mRy were applied for electronic states near the Fermi-level when the gold slab was present.
Most supercells consisted of a single layer of close-packed gold held fixed below a vacuum
region of 17 Å. TTPO molecules were allowed to relax on the surface for structural calculations. Calculations had a convergence threshold of 10−6 Ry between scf steps. In ionic
relaxations, convergence was achieved when the total energy change between two consecutive
steps was less than 0.0001 Ry and all component of all forces must be smaller than 0.001
a.u. . The initial electron density was determined by atomic positions based on experimental
data from which low energy structures were calculated and compared with experimental data.
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The major calculations in this dissertation are summarized in The List of Calculations.
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Chapter 5
Molecular Chain Growth of TTPO
Molecules on Gold at Low
Coverage and Room Temperature
Individual TTPO molecules diffuse on large terraces of a gold surface at room temperature.
Molecular chains are the structures initially formed at low coverage at energetically favorable herringbone reconstruction elbow sites. With increasing coverage, chains lengthen and
mobile molecules diffuse between. Experimental and theoretical data suggest a 3-D angular
assembly of the TTPO molecules, with the long axis of the molecule parallel to the gold surface. For individual molecules, a calculated angle of 11 degrees with respect to the substrate
was determined, and within the chains the tilt angle increases to ∼ 14.1 and ∼ 16.5 degrees.
The results presented in this chapter will be submitted as a peer-reviewed journal article,
Ref. [120].
For many sulfur-based small molecules, like thiols [1, 24, 85], the strong bond between the
gold in the surface and the sulfur in the molecule is expected to dominate possible surface
assemblies. Often this can have a detrimental effect to long-range ordered assembly, since
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the sulfur can potentially stick the molecule where it adsorbs inhibiting diffusion. Adequate
balancing of molecule-molecule and molecule-substrate interactions is necessary for successful
molecular self-assembly. The apparent, but unexpected high mobility of TTPO on gold is
important in understanding the mechanisms behind TTPO adsorption on gold and its ability
to self-assemble. TTPO is a pentacene derivative, and as such would be expected to behave
similarly to how pentacene behaves on gold. Pentacene and DCP will be used as a basis for
comparison for TTPO. At room temperature, pure pentacene is mobile on gold and difficult
to image [61, 121], whereas DCP [78] is more stable and can be readily imaged as individual
molecules on gold. TTPO is a difficult molecule to study with STM due to its high mobility
at room temperature, necessitating the need for other methods of examination.

5.1

Auger Electron Spectroscopy of TTPO

Due to challenges in determining molecular coverage at less than a monolayer for mobile
molecules with STM alone, Auger Electron Spectroscopy (AES) was employed to determine
TTPO coverage using relative heights of the characteristic peaks in the spectrum. AES
allowed for determining the approximate molecular coverage without the inefficient process
of STM imaging mobile molecules. The sulfur (S-LLV, 150 eV) and carbon (C-KLL, 265
eV) Auger peaks scale with varied TTPO coverage, Figure 5-1. AES was also utilized
to study the temperature dependent desorption of TTPO molecules from the gold surface.
Molecule-specific Auger peaks are expected to decrease dramatically following heating at the
SAM desorption temperature signifying that the surface is free of the molecule. The TTPO
desorption temperature is at T = 340 ◦ C, with near complete removal of the molecules and
no appreciable desorption below that temperature [26]. Figure 5-2 shows AES spectra after
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heating above and below the desorption temperature.

Figure 5-1: Auger spectra as a function of TTPO deposition time. Highlighted peaks corresponding to substituents on TTPO molecule map deposition from clean gold (top scan) to
approximately monolayer coverage (bottom scan). Relevant Auger peaks: left, S-LLV (150
eV) and right, C-KLL (265 eV). E = 3 keV. Both peaks scale with deposition time, intensity
in arbitrary units. From Ref. [26].

After the desorption temperature, S-LLV peak-to-peak height was consistent with the
clean substrate spectrum, but the C-KLL peak-to-peak height remains slightly elevated even
after continued high temperature heating. Due to the consistent nature of S-LLV Auger
peak-to-peak heights both preceding and following the desorption temperature, S-LLV is
an excellent indicator of relative TTPO coverage, Figure 5-3. This behavior is due to the
low probability of sulfur contamination within the UHV environment. On-the-other-hand,
carbon is a common contaminate in UHV, with possible sources beyond the removal of TTPO
molecules. Despite heating above the melting temperature of TTPO (390 ◦ C), the continued
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Figure 5-2: Auger spectra as a function of heating temperature. E = 3 keV. S-LLV (green)
and C-KLL (red) show marked decrease at approximately T = 340 ◦ C. From Ref. [26].

Figure 5-3: Uptake Auger spectra of heating temperature (◦ C). E = 3 keV. S-LLV (black)
and C-KLL (red) peak intensities reduce significantly at the desorption temperature, T =
340 ◦ C. Horizontal dotted line represents clean substrate spectrum. From Ref. [26].
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existence of the C-KLL peak suggests the molecule cannot be removed by heating alone
without leaving behind carbon in other forms [26]. Elemental carbon is particularly difficult
to remove from metal surfaces, requiring other techniques than simple heating. Carbon is a
common bulk contaminant that is introduced during the crystal growth process.

5.2

Molecule Adsorption

Room temperature STM imaging of TTPO molecules on the Au(111) surface is hindered
by molecular diffusion, which can greatly disrupt the stability of the tip-surface interaction
necessary for clear STM images. The mobility of TTPO molecules can be seen in Figure 5-4,
where individual TTPO molecules move between frames of 160 seconds on a wide terrace.
The images show room temperature mobility, with molecules appearing (blue arrows) and
rearranging themselves (green arrows) between frames. The TTPO molecules are highly
mobile on the gold surface until they interact with a herringbone reconstruction elbow site,
energetically favorable locations for molecular adsorption. The herringbone reconstruction
of the Au(111) surface results from transition boundaries between different lattice structures
on the surface. Characteristic ’V’ patterns are formed across the surface with the ’elbow’
located at the bottom of the ’V’ [43]. A five-fold coordinated gold atom sits at the center
of the threading dislocation that is the ’elbow’ of the reconstruction, while all other gold
atoms are six-fold coordinated. The bright boundary patterns are evident in Figure 5-5,
clearly showing the herringbone reconstruction on the terrace. The line scan in Figure 5-5
(C) shows a single molecule on top of the wide terrace as well as a vicinal Au(788) step and
terrace underneath.
Deposited TTPO first nucleates on wide surface terraces, where it is highly mobile until
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Figure 5-4: Scanning tunneling microscopy images of TTPO molecules adsorbed on a
Au(788) surface. Four consecutive images require 160 seconds each. The blue and green
arrows are in the exact same position in each image. Focusing on the blue arrow, initially
there is an empty area on Au at which possibly two molecules appear and begin to move at
that location. Focusing on the green arrow, molecules can be seen rotating relative to one
another. (0.07 nA, + 1.25 V sample bias)
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Figure 5-5: STM image (A) of TTPO on a terrace of the Au(788) surface. (B) High resolution
STM image of alignment of five TTPO molecules at an elbow site of the herringbone surface
reconstruction (faintly visible in image background). (C) Height profile along white dotted
scan line in image A shows apparent TTPO height of ∼ 0.2 nm. Also visible is a Au(788)
step. (0.1 nA, + 0.9 V sample bias)
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it hits a herringbone elbow site and agglomerates. At the elbow sites, the TTPO molecules
start to self assemble with molecule-molecule interactions overcoming molecule-substrate
interactions. It is not until a stable molecular configuration is reached that the TTPO
molecules can be imaged at room temperature. This is highly evident in Figure 5-5, where
bright agglomerations of TTPO molecules are blurred except for the one stable molecular
configuration of a chain of five TTPO molecules. The blurred agglomerations are groups of
molecules that are still moving around trying to reach the stable energetic minima observed
for the molecule chain.

5.3

Molecule Size from STM
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Figure 5-6: (A) Scanning tunneling microscopy image of five TTPO molecules adsorbed on
a Au(788) surface with profile scan lines 1 (dashed) and 2 (solid). (B) Scan profile line 1.
(C) Scan profile line 2. Profile scan lines 1 and 2 show an apparent height, width and length
of each assembled structure to be 0.17 – 0.21 nm, 0.6 – 0.9 nm and ∼ 2 nm, respectively.
The data is consistent with TTPO molecules that are lying down on the Au(788) surface
with a small, acute cant angle. (0.1 nA, + 0.9 V sample bias)
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Using data obtained from STM images, like Figure 5-6, scan profiles can give insight into
the size of these molecules. The size of the TTPO molecule is approximately 2 nm in length
by 0.7 nm wide by 0.17 nm high as imaged on gold. These values are comparable to what
you can theoretically calculate as the size of an individual molecule, Table 5.1.
Table 5.1: Size of TTPO molecule determined from experimental STM images and DFT
calculated [3]
Experimental
Length
Width
Height

2 nm
0.7 nm
0.17 nm

Calculated
1.45 nm
0.75 nm
0.21 nm

For the experimental STM data collected, we are imaging the electronic orbitals of the
molecule interacting with the gold surface, and measuring the size of those orbitals as the
approximate size of the molecule. As such, the experimental size of the molecule is not
exactly equivalent to the calculated size, but should be roughly comparable. Molecule size
should be determined experimentally to make sure the molecule has not decomposed in
some way, and is still the original molecule. STM images were taken at a positive sample
bias, which corresponds to a probing near the LUMO of the TTPO molecules. Figure 5-7
shows the underlying molecule with the calculated isosurfaces of the HOMO and LUMO.
The shape of the molecules imaged should more closely correspond to the LUMO isosurface,
but with individual orbitals not resolved at room temperature, the only indication of this is
the protruding orbital associated with the oxygen substituent possibly visible in Figure 5-6.
The HOMO – LUMO isosurfaces are calculated from a SCF calculation based on relaxed
molecules. From the SCF calculation band information can be obtained and the charge
density of a specific band can be plotted [122].
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(A)

(B)

(C)

Figure 5-7: DFT model of a single TTPO molecule (A). Calculated Isosurface of Highest
Occupied Molecular Orbital (B) and of Lowest Unoccupied Molecular Orbital (C).
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5.4

Angular Assembly

From close inspection of the STM image of five TTPO molecules (Figure 5-6), it can be
reasoned that the molecules lie down on the gold surface, but not necessarily perfectly flat.
For pentacenes on metals (like Au), molecules are observed to lie flat on the surface [35, 60].
And for semiconductors or semimetals (like Si or Bi), pentacene arranges itself standing-up
with the long axis of the molecule perpendicular to the substrate, maybe with a small cant
angle [35, 67, 74, 123]. These lying-down and standing-up phases of pentacene are highly
dependant on the properties of the substrate surface and are the observed foundation structures for the molecule on a surface. Pentacene and the pentacene derivative, DCP, assembles
on gold in a more or less perfectly flat fashion [78], but TTPO should assemble differently
due to its asymmetrical substituents. It is expected that the sulfur bridge substituent should
bind more strongly with the gold substrate than the opposite oxygen substituent. As mentioned in Section 2.2.5, molecular oxygen does not readily chemisorb on Au(111), but sulfur
can [46]. The binding energy of the S-Au bond is 1.95 eV (45 kcal/mol) [124] [125]. It can be
hypothesized from the likely Au-S interaction that the sulfur bridge is angled down towards
the gold surface, with a small angle between the molecular plane of TTPO and the gold
surface. Visible molecular asymmetry between the molecules within the chain structures
may be a suggestion of angled assembly of TTPO on gold, Figure 5-6. This form of angled
assembly is well known for SAM formation involving alkanethiols on gold, but to the best
of our knowledge, no examples exist for rigid sulfur-based structures like TTPO. Variations
in the structure of the TTPO derivative may allow for fine-tuning of the TTPO cant angle
and ultimately improved charge carrier transport.
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5.5

DFT Calculations

The exact geometry of the TTPO molecules on the surface required additional investigating through theoretical DFT modeling [104]. STM imaging alone cannot determine the
3-dimensional angle of assembly hinted at in experimental images. In the calculations, the
closed-packed gold surface was held fixed, and used instead of the unit cell for the complete
herringbone reconstruction since it is computationally large. The unit cell for the herringbone reconstruction is long and thin containing 90 atoms [43], with this geometry, multiple
unit cells would be needed to determine structures of unknown accordance with the underlying gold substrate. One layer of gold atoms was adequate to approximate the surface for
most structure calculations, and more layers for accuracy were used in determining parameters like adsorption energy. Within the molecules, all atoms are allowed to relax and move
to find the lowest energy configuration in calculations. Calculations were run with periodic
boundary conditions using local density approximation with the Quantum ESPRESSO package on a Linux-based 8-node cluster and a Cray XE6m-200 supercomputer. Utilizing DFT
to model one TTPO molecule on the close-packed Au(111) surface, a lowest energy state
was found with an angle of 11 degrees between the molecule positioned laterally with the
three sulfur atoms of the sulfur bridge substituent angled down spanning three close-packed
surface atoms, see Figure 5-8. Calculations increasing the number of molecules to two and
three, showed trends of increased angle of assembly with the number of molecules, and the
decreased angle of the final molecule in the chain. This is likely due to the additional S-π
interactions between adjacent molecules stabilizing the assembled superstructure. In general,
structures with overlapping π − π systems are favorable because they are more likely to have
increased charge mobility [87]. This lateral tilting of the molecule, holding the backbone of
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the pentacene molecule parallel to the gold surface and rotating from the thiol substituent,
is an assembly unique to this pentacene derivative.

(A)

(B)

Figure 5-8: (A) Unit cell of TTPO on close-packed Au surface. (B) Final position of molecule
after energy minimization

5.6

DFT: Five-molecule Chain

Calculations were used to recreate the five-molecule chain seen in Figure 5-6. Five TTPO
molecules were placed on a fixed close-packed Au surface. All atoms in the molecules were
allowed to relax and find their lowest energy configuration. The resulting structure is consistent with an assembly calculated for the SAM. The molecules in the chain are in a duel-offset
structure, where the molecules are about 7.5 Å apart with alternating horizontal offsets of
4.3 Å and 1.4 Å. The five-molecule chain has a total length of ∼ 37.5 Å, which is consistent
with the width of the chain in Figure 5-6 (B). The vertical distance between the sulfur end
of the TTPO molecule and the gold surface atoms is 2.71 Å (for DCP and Pentacene it is
3.20 Å and 3.2–3.5 Å, respectively [115, 121]). In Figure 5-9, the calculated structure (A)
was used to create the simulated STM image (C) for comparison with the experimental STM
image (B). The same sample bias of +0.9 V was used to simulate the image, which corresponds to a probing of the LUMO, Figure 5-7 (C). The resolution of the simulated image
is ideal showing distinguishable orbital contours and much better than what can be seen in
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the experimental image. The DFT simulated molecular chain seems a possible configuration
for the experimentally observed chains.
!"

$"

#"

Figure 5-9: (A) DFT calculated image of five TTPO molecules in a chain on close-packed Au.
(B) Scanning tunneling microscopy image of five TTPO molecules adsorbed on a Au(788)
surface. (C) DFT simulated STM image of five TTPO molecular structure + 0.9 V bias.

The TTPO molecules tilt with alternating angles dependent on the offset between adjacent molecules. Figure 5-10 shows the angles specific to the five-molecule chain calculation.
An angle of ∼ 14.4◦ is expected for a molecule whose preceding molecule (below the tilted
sulfur substituent) is offset by 4.3 Å; and an angle of ∼ 16.5◦ is expected for a molecule
whose preceding molecule is offset by 1.4 Å. The end molecules in the chain have reduced
angles of assembly, the molecule lacking a following overlaid molecule has a slightly reduced
angle of assembly (see left-most molecule, Figure 5-10), while the end molecule lacking a
preceding molecule has a greatly reduced angle of assembly (see right-most molecule, Figure
5-10). The molecule at the end of the chain essentially falls, or is pushed down, without the
preceding molecule to balance out the molecule-molecule and molecule-surface interactions.
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Figure 5-10: Side view of DFT calculated image of five TTPO molecules in a chain on closepacked Au showing angle of each molecule overlaid. In calculated chain, angle of assembly
alternates between an angle of ∼ 14.1◦ (solid line) and ∼ 16.5◦ (dashed line), with the final
molecule being pushed down to an angle of 5.9◦ (red dashed - dotted line).

5.7

DFT: Adsorption Energy

Using density functional theory (DFT) [104], the adsorption energy of a single TTPO
molecule with the Au surface and a single DCP molecule with the Au surface was calculated. For more realistic calculations, it is better to use at least three layers of gold to
model the pentacene/derivative–gold interaction accurately [121]. For calculating the adsorption energies of TTPO and DCP on gold, one molecule on top of four close-packed
layers of gold positioned at the molecules energetic minima or the most stable configuration
was used. Three layers of the gold slab were allowed to relax with the molecule atoms.
Marzari-Vanderbilt smearing with a dipole correction was used [126]. The adsorption energy
for TTPO was found to be –2.44 eV. For the same calculation parameters, the adsorption energies of pentacene and DCP were found to be –1.60 eV and –1.65 eV, respectively.
The calculation overestimates the adsorption energy, a pentacene molecule on gold is –1.14
eV [121], but the relative energies are more accurate. DCP has an adsorption energy on
order with pentacene, but TTPO is 0.84 eV more strongly adsorbed on Au. The difference
between the adsorption energies of TTPO and pentacene is approximately the 0.808 eV energy difference between pentacene verses sulfur (1.948 eV) adsorbed on Au. In determining
the adsorption energy, a more accurate calculation of a single TTPO molecule on a gold slab
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was computed, Figure 5-11. With the additional corrections, the lowest energy configuration
of the TTPO molecule is recalculated as being 2.4 Å above the Au surface with a tilt angle
of 14.4 degrees. It can be hypothesized that additional corrections to the calculation of five
TTPO molecules in a chain on Au may increase the calculated tilt angles a few degrees.

Figure 5-11: DFT calculated image of one TTPO molecule on four close-packed layers of
Au. Top three Au layers were relaxed with the TTPO molecule atoms. Image shows slight
bending on the TTPO molecule and increased interaction between the sulfur substituent and
the Au surface.

This was verified by calculating the adsorption geometry for two TTPO molecules for
this 4 layer slab configuration and dipole correction. As expected, the molecule is adsorbed
closer to the Au surface (2.55 Å) and the angle of assembly increases to 18.1◦ for a molecule
overlapping another, a configuration for which on 1 layer of Au the angle is 13.6◦ . (This two
molecule on one layer Au calculation is explained in the subsequent Section 6.3.)
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(A)

(B)

Figure 5-12: (A) STM image of long molecular chains on Au terrace, <1 ML annealed at
70◦ C 1 hr. (0.1 nA, + 1.1 V sample bias) (B) Height profile along blue scan line in image
(A) shows diffuse coverage and stable chains have same height.

5.8

STM: Observed Long Molecular Chains

On wide Au(788) terraces or Au(111)-like surfaces, increased adsorption of TTPO molecules
results in the formation of longer molecular chains. Long molecular chains can be seen in
Figure 5-12 (A) on top of a wide Au terrace. TTPO was deposited at coverage less than one
monolayer and annealed at 70◦ C for 1 hr. Molecular chains of varying lengths were formed
with diffuse TTPO coverage between. Diffuse, disordered TTPO coverage can be deduced
from Figure 5-12 (B), the scan profile for the solid blue line seen in Figure 5-12 (A). The flat
area at the onset of the scan line is the same height as the visible TTPO molecules traversed
at the end of the scan line. This suggests that the flat area is not the underlying gold surface
but in fact disordered TTPO, which is mobile and not stable unlike the long molecular chains
clearly resolved. These molecular chains, though likely beginning at herringbone elbow sites,
grow in disordered directions filling the terrace. It is likely the size of the terrace mitigates
the maximum length of the chains, and with large terraces longer chains may form. The
disordered direction of chain growth will also affect the chain lengths, but possibly annealing
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or deposition at an elevated substrate temperature could overcome this and lengthen the
chains.

Scanning tunneling microscopy and theoretical calculations were instrumental in the examination of TTPO going from single mobile molecules to the formation of molecular chains.
TTPO is very mobile on the gold surface, but on adsorption at energetically favorable elbow
positions of the herringbone reconstruction, the molecules begin to self-assemble into molecular chains. TTPO adsorbs with the sulfur bridge side of the molecule closer to the surface,
such that TTPO tilts laterally at an angle of 11 degrees for a single molecule. Upon chain
formation, interactions between adjacent TTPO molecules increases this angle of assembly
to roughly 14.1 and 16.5 degrees. This lateral tilting of the molecule is unique and the first
observed for pentacene derivatives, offering potentially new self-assembled monolayer properties. With this molecular tilting, the dipolar properties of the molecule may better align
to affect the energetic structure of this molecule-metal interface and the overlap of π − π
stacking between molecules may benefit charge mobility.
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Chapter 6
Monolayer TTPO on Au(788) at
Room Temperature
An ordered self-assembled monolayer of TTPO molecules forms on Au(788) at room temperature. The molecules orient along the length of the step edges, creating order across the steps,
differing from the molecular chains observed on wide defect terraces. On the stepped terraces
are two very similar offset structures, as well as an unstable close-packed, tip-sensitive secondary structure. Six TTPO molecules fit within the Au(788) steps with a small lateral tilt
of the molecule. Experimentally-determined left-offset and right-offset structures are defined
by the difference between parallel rows (0.7 nm for both offsets) and the offset of molecules
in the adjacent row (right-offset: 0.435 nm and left-offset: 0.287 nm). Experimentally, the
left-offset structure is prevalent, but without knowing the orientation relative to the substrate
or the angle of assembly characterization of these monolayer structures is incomplete. DFT
calculations were employed to try to find lowest energy configurations of TTPO molecules on
a close-packed gold surface. The angle of assembly was determined to be highly dependent
on the surrounding molecules; in the monolayer, TTPO molecules tilt with either 14.4 or
16.9 degrees depending on the surrounding molecule structures. The preferred position of a
118

TTPO molecule is with the sulfur end of the molecule angled-down 2.7 Å from the surface
over 3 close-packed gold atoms. At a step edge, the molecule is closer to the surface by 0.3 Å
with an increased angle of assembly tilting away from the terrace and step. Many different
arrangements of rows of TTPO molecules were studied, leading up to the calculation of a
monolayer on the stepped surface. The distance between rows of 0.74 nm was found to be more
in agreement with the underlying gold substrate. The structure relaxation calculation of six
TTPO molecules on a stepped terrace revealed a dual-offset structure, composed of two offsets
(0.430 nm and 0.143 nm). One offset corresponds to the experimentally-determined rightoffset. The exp. left-offset corresponds to half of the total dual-offset; the one-molecule unit
cell of the left-offset structure is exactly half of the two-molecule unit cell of the dual-offset.
The left-offset structure may be explained as an averaging over two difficult to distinguish
offsets. Using DFT calculations we are able to determine a structure more complex then
expected from experimental imaging alone. Through use of DFT we can fill in gaps in our
understanding of this self-assembly. The results of the investigation of the SAM of TTPO
on Au(788) will be completed with a paper on this topic, to be submitted as Ref. [127].

6.1

STM: TTPO on Au(788) steps

At approximately monolayer coverage, TTPO forms large molecular chains on wide Au(111)like reconstructed terraces, and a more ordered structure on the Au(788) stepped surface,
Figure 6-1. Ordered structures such as these suggest preferential interactions between the
organic molecular SAM and gold surface which can be utilized in designing OPV devices.
Though more stable than lower molecular coverage, the TTPO molecules in the monolayer
are still mobile, which results in difficult imaging. As a consequence, the TTPO SAM can
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also have STM tip induced changes at low tip currents. Very low tunneling currents and
imaging slowly for an extended period of time resolved Fig. 6-1.

Figure 6-1: STM image of TTPO SAM on Au (788), close to 1 ML annealed 100◦ C 1 hr.
(0.06 nA, + 1.2 V sample bias). Parallel to step edge, rows of TTPO molecules form. The
highly-packed molecule configurations, occasionally offset from the parallel rows, are tip
sensitive.

Approximately six molecules can fit across the 3.9 nm wide terraces terminated by
monatomic steps which characterize the Au(788) surface, Fig. 6-2. The molecules arrange
themselves in an ordered offset structure along the (788) terrace, utilizing the steps like a
template to direct the self-assembly.
The direction of the offset structure varies between different substrate terraces and can
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Figure 6-2: (A) STM image and (B) scan line plot of monolayer TTPO on Au(788) steps.
Six molecules can be counted on the step clearly in the scan line plot. (0.07 nA, + 0.44 V
sample bias
shift within individual terraces between rows parallel to the step edge, Figure 6-3. The two
directions of the offset structure at first resembles a mirrored structure. Mirrored structures
are essentially equivalent structures that are only in opposite directions. It would not be uncommon to have molecules mimicking the symmetry of the underlying close-packed substrate
in their monolayer structures [32]. The offset structure is described by rows of molecules
parallel to the step edges for which molecules in the next row over are slightly before or
after the molecule in the adjacent parallel row. The representational diagram, Figure 6-5,
may be helpful in understanding the terminology. The rows appear to be the same distance
apart, but the molecule offset does not appear to be the same in the two possible directions
of substrate symmetry. After ruling out scanning direction dependencies, we can say that
these are not equivalent mirrored structures, but at least two distinct offset structures.
Using the ’Insert Grid’ function in ImageSXM [128], grids of different cell numbers and
dimensions were used to experimentally tabulate the arrangement of molecules on the surface.
Each cell held one TTPO molecule. Measurements were taken on the four best STM images
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(A)

(B)

Figure 6-3: STM image showing various directions of assembly on vertical steps with near
pristine underlying Au(788) structure (0.06 nA, + 1.05 V sample bias). (A) and (B) are the
same image, but colored (A) makes the individual steps very visible, while black and white
(B) emphasizes direction of molecules in steps.

Figure 6-4: STM image showing step of laying grid on STM images to determine unit cell.
The grid encompasses a region where the structure corresponds to the ’left-offset’.
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with same basic preparation from different experiments. For the images chosen, steps are
in differing directions and the total scan dimensions (image size) varied, for the purpose of
ruling out scanning dependencies. Grids were placed in various locations in images, and
dimensions tabulated, Figure 6-4. The two structures are labeled left-offset and right-offset
based on the offset from the step edge, Figure 6-5. Left-offset structures were more easily
located and areas were larger, suggesting possible preference. 300 molecules were recorded
in the left-offset structure and 162 molecules were recorded in the right-offset structure.
While the distance between molecules in the same row (1.71 nm) and the horizontal offset
between rows α (0.70nm) is the same in both structures, the vertical offset between rows β
is 0.435 nm (right-offset) and 0.287 nm (left-offset), with the β = 0.287 nm structure being
more prevalent in images. Figure 6-5 specifies the α and β which are used to describe the
offset structures. Since molecules in the next row over can vary between the two structures,
a conventional unit cell is less useful, but for the left-offset and right-offset structures they
can be defined as (a = 0.746 nm, b = 1.714 nm, θ = 68.12◦ ) and (a = 0.827 nm, b = 1.711
nm, θ = 58.26◦ ) respectively, where θ is the acute angle between a (parallel rows) and b
(same row).
The horizontal offset α, or distance between parallel rows, is approximately 0.7 nm which
corresponds to the distance between molecules in the molecular chains seen at low coverage on
wide terraces. This distance is less than the DFT calculated dimensional width of individual
TTPO molecules, which suggests 3-D angular assembly. Taking into consideration the known
width between steps also supports this theory. In images you can see six molecules on the
terrace, Figure 6-2, but based on the calculated size of the molecule, you should only fit
about five, in consequence the molecules have to tilt to all fit on the step.
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Figure 6-5: Experimental structure is named based on offset direction. The offsets between
rows is a simpler way of describing the structures which can shift directions between rows,
as compared to the unit cell.
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6.2

DFT: One TTPO Molecule on Au

Usually pentacene and its derivatives stand up straight on insulators and some semimetals,
maybe with a small tilt angle, and lie down flat on metals [62]. But TTPO’s angled assembly
on gold is a very different assembly, where the molecules laterally stand up on the surface,
with the long-axis of the molecule parallel to the surface. It is the lateral arrangement of
the underlying pentacene backbone of the molecule that is unique, causing one substituent
to be closer to the surface than the other. With no means of determining this angle of tilt
through STM or other experimental techniques available in our chamber, this problem was
addressed theoretically with DFT calculations. The disparity of the left-offset and rightoffset structures of the monolayer can also be explored by modeling configurations of TTPO
molecules on gold.
As explained in Chapter 5, we first modeled a single TTPO molecule on gold, using
Quantum ESPRESSO. Keeping the gold surface atoms fixed, we allow the atoms in the
molecule to relax, thereby allowing the molecule to find its lowest energy configuration
on the surface. In the calculation, we see that the sulfur substituent end of the molecule
is attracted to the surface. The sulfur bridge ends up spanning three gold atoms in the
surface, anchoring the molecule such that it has an angle of roughly 11◦ with the surface.
The distance between the sulfur atoms and the gold surface is 2.70 Å.
There is also a secondary position for the TTPO molecule where the three sulfur atoms
adsorb over two Au atoms. This secondary position is unstable such that displacing the
molecule from this balance point will cause the relax calculations to converge to the stable
preferred position over three sulfur atoms. The preferred and secondary positions are shown
in Figure 6-6.
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Figure 6-6: Two likely configurations of TTPO molecules on the close-packed gold surface.
Lower position is preferred position in calculations, secondary position is unstable

6.3

DFT: Two TTPO Molecules on Au

The left-offset and right-offset structures experimentally determined from STM images were
first modeled with two TTPO molecules on the close-packed Au surface. The unit cells correspond to two infinite molecular rows. The left-offset structure was taken as two molecules,
one beginning on a preferred position on the Au surface, the other on a secondary position
of the surface. The right-offset structure has two possible configurations on the Au surface, with either both molecules on a preferred position or both molecules on a secondary
position. Initial SCF calculations for the right-offset structure with both molecules on a preferred position would not converge, whereas, convergence was achieved for both molecules
on a secondary position. The results of relaxation calculations for the two offset structures,
where the gold surface was held fixed, but the individual atoms within the two molecules
were allowed to shift, are shown in Figure 6-7.
Out of the three initial secondary positions of the TTPO molecules for both calculations,
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(A)

(B)

Figure 6-7: DFT calculations of two TTPO molecules on close-packed Au. First calculation
(A) left-offset structure began with lower molecule over three Au surface atoms and second
molecule over two Au surface atoms (secondary position). Second calculation (B) right-offset
structure began with both molecules over two Au surface atoms (secondary position).
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two of the final positions have shifted to a location resembling the preferred position, albeit
with a slight rotation of the molecule [7.5◦ (A) and 6.1◦ (B)]. This may be attributed to the
instability of the secondary position. It is clear that only two molecular rows is not enough
to stabilize the structure in parallel rows, and as such is not a good basis to examine the
observed ’left-offset’ and ’right-offset’ structures.
What can be gained from these calculations is the knowledge that adding a second
molecule behind the first increases the angle of tilt of the first molecule and decreases the
tilt angle of the second. The π − π stacking interaction with the second molecule in the next
row over likely begins to stabilize the increased tilt angle. It is clear that TTPO molecular
interactions play a large part in the formation of any structures on the gold surface. Also, the
experimental value for the distance between parallel rows α is larger in calculations, Table
6.1. The distance between 4 close-packed rows of Au atoms is 7.4025 Å; the α ≈ 7 Å from
experiment would not be ideal for molecules with preferred positioning over the Au atoms.
All values for the calculated structure were determined using the position of the center sulfur
atom in the sulfur substituent.
Table 6.1: Comparison of two TTPO molecules on close-packed Au DFT calculated structure
to experimental structure, including the calculated angle of assembly for each molecule
Experimental
Structure
α (Å) β (Å)

Calculated
Structure
α (Å) β (Å)

Calculated Angle of Assembly
Molecule 1

Molecule 2

Left-offset
6.92
2.87
7.67
3.99
13.6◦
5.57◦ ∗
◦
Right-offset 7.03
4.35
7.61
5.23
9.67 ∗
3.04◦
∗ denotes molecules rotated from close-packed Au directions

The energy difference of the two calculations from Figure 6-7 is about 0.12 eV in favor
of the left-offset structure. Removing the rotated molecules from the two configurations,
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the energy difference between a molecule sitting on top of three Au atoms and on top of
two Au atoms was found to be only 0.06 eV in favor of the preferred position. This is not
necessarily the ideal way to compare the energies of the preferred and secondary positions,
but this calculation was a unique case where the molecule remained on a secondary position
after relaxation. For the secondary position, the TTPO molecule is located 2.95 Å above
the Au surface, farther away than the preferred position, with an angle of 3.04◦ . Attempts
to increase this angle to that of the preferred position produced a system that would not
converge. It is possible the decreased angle of assembly is related to the increased distance
from the surface.

6.4

DFT: TTPO at the Step Edge

The step edges of the Au(788) terraces offer energetically favorable adsorption positions for
TTPO molecules. From STM images it is not clear in which direction the substituents are
arranged on the steps. DFT calculations determined the preferred orientation of the TTPO
molecule adsorbed at the step edge. The step was created by placing a layer of Au below
the terrace surface. The unit cell was then rotated so that the position of atoms on the
terrace matched those at the end of the cell below the step, preserving periodic boundary
conditions. Two relaxation calculations were prepared where the molecule was tilted slightly
towards or slightly away from the step to find the angle of tilt for both directions. Figure
6-8 shows the two calculation results for the different scenarios combined.
Surprisingly the TTPO molecule tilts with roughly the same angle above and below the
plane parallel to the Au surface for the two scenarios at ∼ 16.7◦ . This is rather reminiscent
of the DFT calculation for pentacene at a step edge [113], where the molecule is found to
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UNIT CELL

16.7°
16.8°

Figure 6-8: Results compilation of two DFT calculations for a molecule at the step edge
leaning towards and away from the step. The unit cell is shown inset.
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tilt 20.6◦ (or 26.4◦ depending on corrections) with the pentacene backbone more closely
interacting with the edge (2.58 or 2.47 Å distance). The TTPO molecule tilting away from
the step is 0.62 eV more favorable than TTPO tilting towards. The molecular sulfurs sit
2.38 Å and 2.40 Å away from the step edge for the TTPO tilting away and towards the step,
∼ 0.3 Å closer than on the Au terraces. The TTPO tilting away from the step becomes more
favorable than the optimized position towards the step when the TTPO molecule is ∼ 7.5 Å
below the plane parallel to the step. This rather small energy difference overall suggests that
a single TTPO molecule at the step edge can likely rotate rather freely about the tethered
sulfur substituent. Interaction of the tethered molecule with molecules on the terrace or the
step below will have a strong effect on the molecule’s final angle of assembly.

6.5

DFT: Six TTPO Molecules on a Step

The terraces of the stepped Au(788) surface were modeled with a close-packed Au terrace
of width 3.7 nm and height 0.235 nm. True Au(788) terraces are 3.9 nm wide and 0.235 nm
high with the herringbone surface reconstruction, but the close-packed structure used is not
periodic for that terrace width. Six molecules were placed on the terrace, beginning with
the molecule at the step edge tilted away from the terrace. Their initial positions were taken
from experiment, the left-offset structure. All angles were set to 18◦ such that no atoms
in adjacent molecules were close enough for significant bonding interaction. Visualization
software, like XCrySDen [118], will redefine the molecule and connect bonds to atoms in
adjacent molecules in the case of atoms that are too close together. Only one layer of fixed
Au atoms was used to model the step, since the unit cell was large (312 atoms). The resulting
relaxed structure of TTPO on Au terraces can be seen in Figure 6-9. In Figure 6-9, the unit
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cell and step edges are highlighted, and a side view of the structure is shown for clarity.
This calculation simulated possible monolayer coverage of TTPO on Au(788) from which
information can be extracted about the structure of the monolayer on the terraces and at
the step edge. There are three regions explored in the calculation: the terrace center (4
molecules), the step edge (1 molecule), and below the step edge (1 molecule on the next
terrace).
The angles of assembly for all molecules are shown in Figure 6-10. The molecules in the
terrace center alternate between an angle of ∼ 14.3◦ to an angle of ∼ 16.4◦ dependent on the
TTPO position’s overlap of the preceding molecule. For an increased overlap, corresponding to the preceding offset = 1.4 Å, the angle of assembly is 16.9◦ ; for a smaller overlap,
corresponding to the preceding offset = 4.3 Å, the angle of assembly is 14.4◦ (combining all
DFT structural results – chains and SAMs with/without steps). This is consistent with our
observation from previous calculations, that increasing the number of adjacent molecules in
the chain stabilizes and increases the angle of tilt.
For the molecule below the step edge, on the next terrace, the angle of assembly is 36.4◦ .
This molecule is physically closer to it’s adjacent molecules than all other molecules, and is
not completely over a preferred Au surface position. The increased packing and increased
π − π overlap likely stabilizes this increased angle on this less preferable position. This
molecule has less surface room on the modeled terrace, but on the true Au(788) surface,
the additional 2 Å of space could be used to arrange this molecule into a position more like
what is seen for molecules on the terrace centers. It may still retain an increased angle of
assembly, however, with the molecule on the step edge being in a more favorable position for
π − π overlap. The instability of this particular molecule in the calculation can be seen in
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UNIT CELL

STEP EDGE

Figure 6-9: DFT calculation of six TTPO molecules on close-packed gold step. Top image
shows side view of molecules on gold step (3 unit cells). The bottom image is a top-down
view of 3 x 3 grid of unit cells. The unit cell is specified with the orange box and the three
step edges are marked with green lines. The gold atoms are colored dark purple to make the
TTPO molecules more visible in the top-down image.
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14.4°

16.5°
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14.2°
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Figure 6-10: Angles of molecules from six TTPO calculation on a stepped surface. The
molecules at and below the step edge are highlighted by red lines; whereas the alternating
angles of the molecules on the terrace are highlighted by solid-black and dashed-black lines.
the bending of this rather rigid molecule in Figure 6-11. The calculation of a single TTPO
molecule at the step edge concluded that the molecule would likely rotate around the sulfur
substituent to a position dependent on the adjacent molecules. The angle of assembly for a
TTPO molecule on the step edge in the calculated monolayer is 25.2◦ . This angle is likely
an overestimation, since on the true Au(788) surface, the molecule on the step below will be
further away, maybe with a decreased tilt angle. An angle greater than TTPO on the center
terrace for the TTPO molecule at the step edge would be more consistent for what is observed
in STM images, but it is likely less than what was calculated (16.4◦ < θedge . 25.2◦ ).

Figure 6-11: Close-up of DFT calculated structure of TTPO at the step edge at ML coverage.
The molecule at the step edge sits closer to the surface than all other molecules, indicated
by the bond shown in the visualization of the structure.

The height of the molecules on the Au surface is consistent with previous DFT calculations. The molecules on the center terrace and below the step edge are 2.7 Å from the
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surface and the molecule at the step edge is 2.4 Å from the surface. The decreased distance
between the step edge and the molecule can be seen in Figure 6-11 and is consistent with
the calculations from Section 6.4.
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Figure 6-12: Diagram of dual-offset structure drawn on three unit cells of the six TTPO on
close-packed Au step calculation. The step edge is at the top of the image. Two offsets are
labeled 1 and 2 in parallelograms related to the offset between adjacent molecules. The unit
cell for this monolayer structure is shown in red.

Upon ionic relaxation to find a low energy structure, the initial left-offset structure shifted
into a more complex structure, Figure 6-12. In this new dual-offset structure, molecules
alternate the distance they are offset from the adjacent parallel row’s molecules. The two
offsets between rows across the terrace are shown by the parallelograms 1 and 2 in Figure
6-12. The unit cell of this structure is highlighted in red. It contains two molecules and both
molecule offsets. The unit cell can be defined as (a = 1.582 nm, b = 1.710 nm, θ = 68.77◦ ),
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where θ is the acute angle between a (molecules in three parallel rows) and b (molecules in
same row).
Looking closely at this dual-offset structure, consistencies with experiment can be found.
The two offsets in the dual-offset cell are broken down in Figure 6-13, and tabulated in Table
6.2. The position of the molecule below the step edge was omitted from determining the
overall monolayer structure. As discussed before, limitations in creating a periodic supercell,
forced this molecule to have less space on the terrace surface than on a true Au(788) surface.
Positions of the four molecules in the terrace center and one molecule at the step edge were
tabulated using the position of the center sulfur atom in the sulfur substituent to determine
the calculated dual-offset structure, and substructures: offset 1 and 2.

"2
!2
"1
!1
Figure 6-13: Diagram on top of DFT calculation image showing α and β distances between
molecules in dual offsets 1 and 2.

Offset 1 clearly corresponds to the experimental right-offset, but offset 2 does not have
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Table 6.2: Comparison of DFT Calculated Structure to Experimental Structure for ML
coverage
Structure

α (Å)

β (Å)

STM Experiment

Right-offset
Left-offset

7.03
6.92

4.35
2.87

DFT Calculated

Offset 1
Offset 2
Average-offset

7.29
7.46
7.38

4.30
1.43
2.86

a corresponding experimental structure. However, offset 2 is consistent with the experimental results if you take the differing unit cell sizes into consideration. In determining the
experimental structure, grids were placed over the STM image with each cell containing
an individual TTPO molecule (Figure 6-4); this corresponds to a unit cell containing only
one TTPO molecule, not the two we get from the DFT calculations. Averaging over both
offset structures, the average offset corresponds with the left-offset structure. The left-offset
structure has a unit cell which is half of the dual-offset’s, Figure 6-14 (A). Looking back at
the experimental STM images, it is possible that the small variation in offset in the dualoffset structure was simply overlooked, Figure 6-14 (B). Essentially, the structure was more
complex than what was speculated from STM images, and DFT was able to determine a
more likely structure that begins to resolve the issue of the non-mirrored, right-offset and
left-offset structures.
The distance between rows parallel to the step edge is larger than those determined by
experiment, but this is not surprising. The distance between 4 close-packed rows of Au atoms
parallel to the step edge is 7.4025 Å; the ∼ 7 Å from experiment for the distance between
molecules in parallel rows would not be ideal for molecules with preferred positioning over
the Au atoms. As such, the calculated value for α is more reasonable. The two Offsets
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Figure 6-14: (A) Diagram showing unit cell of dual-offset structure in red. Dashed red line
corresponds to half of unit cell that is equivalent to experimental left-offset structure. (B)
The STM image has the dual-offset structure overlaid showing visible similarities.
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which compose the Dual-Offset structure are also commensurate with the underlying gold
substrate. They both correspond to positions for which the sulfur atoms in the molecule are
over surface Au atoms; their difference is related to the close-packed distance between gold
atoms.
The dual-offset structure was used to make a simulated STM image of the surface Figure
6-15 (A). The simulated image was created at a sample bias of + 1.1 V, as such, the orbitals
probed in the simulated image correspond to LUMO. The simulated images were computed
for a constant distance from the step surface to more closely mimic the movement of the STM
tip across the surface in experiment (shown in Figure 6-15 (B)). A single stepped terrace
from an experimental STM image Figure 6-15 (C) compares well with the simulated STM
image, and in both cases the molecule at the step edge is slightly brighter than those on the
terrace.

6.6

DFT: Comparison of Offset Structures

To understand more about the possible offsets between parallel rows, more DFT calculations
were necessary. The right-offset and left-offset structures from STM images were named as
such because of the direction of offset between adjacent rows of molecules from the step edge.
Figure 6-16 shows how the offset direction, left or right, is specified from the step edge, and
summarizes the equivalent offset structures found from DFT calculations.
For the close-packed Au surface used in calculations, the two arrows representing the
overall offset directions, should be equivalent geometrically. The structures grown commensurate to these directions should be equally probable from the standpoint of the underlying
gold substrate, i.e. mirrored structures should be possible. What we find in experiment is
139
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Figure 6-15: (A) Simulated STM image for + 1.1 V sample bias. Image was determined for
constant distance from the step as illustrated in angled side view (B); this was done to more
closely mimic a real STM tip. For the top down view, the molecules at the step edge are
brighter than the rest, consistent with experimental STM images on the steps (C).
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Figure 6-16: Diagram summarizing relations between experimental structures and DFT
results.
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that the right-offset structure is different from the left. Using DFT we can model the left
offset structure as a combination of dual offsets, offset 1 and offset 2, but the right-offset
structure can only be equivalent to offset 1. This leads to the questions: Where does offset 2
fit in? Is offset 2 just less likely in only one direction? Why do we not see rows of molecules
in offset 2? Is this because the underlying surface is reconstructed?
The dual-offset structure is composed of two offsets, offset 1 and offset 2, that can theoretically be monolayer structures in their own right. Offset 1 is noticeable in STM images,
Figure 6-1. DFT calculations of offset 1 and offset 2 were undertaken to better understand
the possible variation of structures between differing rows.
Calculations of the dual-offset structure and offset 1 as monolayers on close-packed Au,
with no steps, were preformed. The structures were relaxed to their low energy configurations, the structural values are tabulated in Table 6.3, and compared to the offsets calculated
on the Au steps.
Table 6.3: DFT calculated monolayer structures on flat and stepped close-packed Au
Structure

α (Å)

β (Å)

Angle

Offset 1

7.40

4.27

14.1◦

Dual-Offset

Offset 1
Offset 2

7.21
7.47

4.31
1.37

15.3◦
18.2◦

Dual-Offset on Steps

Offset 1
Offset 2

7.29
7.46

4.30
1.43

14.3◦
16.4◦

The SAM structures found for stepped and unstepped gold surface calculations are consistent for molecules away from the immediate step edge. The structural relaxation calculation
of the offset 2 structure as a SAM on flat close-packed gold is double and triple the unit cell
sizes of the offset 1 and dual-offset structures, as such, that calculation will be incomplete
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for this dissertation. However, due to the reproducibility of the structures obtained for this
system in the various calculations undertaken, a very probable structure for offset 2 could be
used for energy comparisons. TTPO molecules in offset 2 were taken as having a structure
of α = 7.40 Å and β = 1.42 Å, with an angle of 17.1◦ . A common unit cell, periodic for
all three structures, was created. Comparison between the total energy of the three offset
structures is given in Table 6.4.
Table 6.4: Energy differences between DFT calculated monolayer structures on flat closepacked Au
Compared Structures

Energy

Offset 1 - Dual-Offset 0.1016 eV
Offset 2 - Dual-Offset 0.0988 eV
Offset 1 - Offset 2
0.0028 eV
kB T at T = 20◦ C

0.0250 eV

To summarize Table 6.4, the dual-offset structure is ∼ 0.1 eV more favorable as a SAM
than the two offsets it is composed of. The difference in energy between offset 1 and offset
2 is ∼ 0.0028 eV, which is an order of magnitude less than the kinetic energy of molecules
at room temperature. This small difference in energy may explain the molecular switching
to be discussed in Section 6.7. Structures with lower energies are more favorable for SAM
formation. In terms of probability, Dual Of f set > Of f set 2 ' Of f set 1 for the
formation of SAMs.
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Figure 6-17: Subsequent scanning tunneling microscopy images of same region of TTPO
molecules adsorbed on a Au(788) surface. Switching of surface phase from offset to closepacked structure can be seen between images in the center of the horizontal terrace. (0.06
nA, + 1.25 V sample bias)

6.7

STM: Close-packed Structure and Molecular Switching

Besides the offset structures, there is also another more seemingly close-packed structure.
These domains of close-packed molecules are small and fleeting. Switching between the offset
structures and close-packed structure can be seen between subsequent frames, Figure 6-17.
The secondary structure seems to fit more molecules into an area than the offset structure,
hence being labeled ’close-packed’, it is also almost herringbone in nature when more than
one row of molecules is involved. This close-packed structure is roughly the same height as
the offset monolayer, ruling out the formation of a second layer on top of the monolayer,
Figure 6-18. Mobile TTPO above the monolayer is likely being incorporated into the observed
close-packed structure. Unfortunately, the structure is difficult to study because of molecular
switching due to the tip. In the lower image of Figure 6-17, the scanning of the STM tip
forms the image line-by-line from the bottom-up. As the close-packed structure begins to
be resolved, there is a clear line where the structure changes seemingly mid-molecule, i.e. in
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the short time between line scans of the tip, the has structure changed.

(A)

(B) Plot of Distance Across Scan Line vs.
Apparent Height

Figure 6-18: (A) Black and white STM image of TTPO molecules on Au(788) steps. (0.06
nA, +1.25 V sample bias). The steps are orientated roughly parallel to the bottom edge
of the image, descending from the bottom of the image to the top. The yellow line in the
image is the scan line used to create plot (B). The first 6.5 nm scans the observed height
of the molecules in an offset structure. The next 10 nm covers molecules in the secondary
close-packed structure. Notice the < 0.02 nm height difference between the two phases,
verifying they are in the same monolayer.
This molecular switching is happening at room temperature and is reversible with offset
structure changing to close-packed and then changing back to offset in some cases. Figure 619 shows how molecules move between four consecutive STM images. In these 30 nm × 30 nm
images there is just under 500 TTPO molecules, ∼ 9% of the molecules move between images.
Many domains seem to be in flux. This could be an observation of the offset structures
interacting and vying for dominance. In particular, the small energy difference between
offsets 1 and 2, could suggest the molecular switching is between these two structures. The
close-packed structure could be a sort of transition structure, or boundary between offset
structures arranging in different directions. The secondary structure we propose to be a
possible switching mechanism due in part to the two very similar offset structures. To better
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understand this secondary structure, more experimental data is needed since it is transient.

(A)

(B)

(C)

(D)

(E)

Figure 6-19: Four STM images (A-D) taken in sequence at roughly every 160 seconds highlight molecules that have moved position. (A) is the starting image. (B) 57 blue-highlighted
molecules have shifted position from (A). (C) 30 magenta-highlighted molecules have shifted
position from (B). (D) 49 teal-highlighted molecules have shifted position from (C). (E)
shows the total 136 molecules moved over the four image period (∼ 8 min). There are just
under 500 molecules in one image. (0.06 nA, +1.25 V sample bias)
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6.8

STM: TTPO Coverage Greater Than a Monolayer

Because of the high mobility of TTPO on the gold surface, exact coverage is difficult to
determine. Coverage believed to be greater than one monolayer was imaged after annealing
in Figure 6-20 (A). Higher domains of TTPO layers are visible in the image and seem to
signify layer-by-layer growth of TTPO. High TTPO coverage produces stacking visually
similar to arrangement in crystalline form (seen in Figure 2-9 (C)).
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(A)

(B) Plot of Distance Across Scan Line vs.
Apparent Height

Figure 6-20: (A) STM image of >1 ML annealed. (0.1 nA, + 1.3 V sample bias) (B) Plot of
the height profile along blue scan line in image (A) showing higher domains of TTPO visible
in STM image (lighter colored).

The discovery of coverage greater than a monolayer was an unintentional by-product of
difficulties in calibrating the deposition source with mobile TTPO before the use of AES.
How many layers this image shows is unknown, but it provides an interesting peek into the
possible thin film structure of TTPO. Similar images taken at low temperature are presented
in Appendix I.
147

The self-assembled monolayer which forms on the Au(788) surface is complex in structure.
The dual-offset, offset 1 and offset 2 are all viable monolayers that could form according to
DFT calculations. The fact that offsets 1 and 2 are so close in energy is a possible explanation
for why the parallel rows on the steps have so many configurations. The effect of the varied
configurations on the surface electronics is unknown, but no matter the offset, the molecules
overlap which is conducive to charge transport. It is possible that with controlled annealing,
all of the domains seen on the Au(788) steps could shift into the more energetically favorable
dual-offset structure. As to the secondary close-packed structure, there may be conditions
which could stabilize this as well.
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Chapter 7
Conclusions
I have shown the molecular self-assembly of the new pentacene derivative TTPO into molecular chains as well as an ordered SAM. Utilizing both STM data and DFT calculations I
was better able to identify and describe the structures. TTPO molecules have a unique 3-D
angular assembly on gold, where the molecule laterally tilts from the sulfur substituent with
the pentacene backbone remaining parallel to the surface. The sulfur end of the molecule
is calculated as approximately 2.7 Å away (2.4 Å with Section 5.7 corrections) from the
surface spanning 3 close-packed gold atoms. For individual molecules, a calculated angle of
11◦ with respect to the substrate was determined, and within the molecular chains the tilt
angle increases to ∼ 14.1◦ and ∼ 16.5◦ . The possible chain structure calculated was found to
be consistent with structures of the SAM and in good relation with experimentally observed
chains. The SAM structure was determined to be more complicated than initially envisioned
from STM imaging alone. Experimentally-determined left-offset and right-offset structures
are defined by the difference between parallel rows (0.7 nm for both offsets) and the offset
of molecules in the adjacent row (right-offset: 0.435 nm and left-offset: 0.287 nm). The
calculated dual-offset structure is composed of two offsets, where the difference between parallel rows is 0.74 nm and the offset of molecules in the adjacent row is by 0.430 nm and
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0.143 nm. One offset corresponds to the experimentally determined right-offset; the other, a
combination of the two. Additional corrections to calculations reduces the distance between
the TTPO molecule and the surface, increasing the angle of assembly, but with very little
effect on the self-assembled structures found across the surface.

7.1

Discussion of Molecular Chains

At less than a ML coverage molecular chains form as a self-assembled structure on wide
surface terraces. Their formation is rather interesting due to the high mobility of the TTPO
molecules on the wide terraces. Mobile molecules diffuse across the terrace until being adsorbed at an energetically favorable herringbone ’elbow’ site. Tethered to this site, molecules
coming into contact are added to the chain. Long chains form of molecules slightly offset from
one another. Intermolecular forces between the TTPO molecules stabilize these structures.
HTP and BMTP are two sulfur-based pentacene derivatives that are substituted symmetrically about the pentacene backbone, HTP is even a precursor step in creating TTPO.
They make wires where molecules stack face-to-face increasing π-stacking, as discussed in
Section 2.2.5. These wires however are essentially nanocrystals which are vapor or solution
deposited for devices. The wire growth is not directly dependent on the surface they are
ultimately deposited. TTPO can also make wire-like, columnar structures in the bulk, but
the molecular chains grown on gold are different. Growing tethered to the substrate, it is
not a far stretch to assume it may be possible to engineer a template for which TTPO chains
can be grown from one defect atom site to another, as envisioned in Figure 7-1. A truly one
molecule wide nanowire could be formed using TTPO molecules. Because these molecules
form chains where the molecules overlap, π-stacking across the chain could be beneficial for
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(A)

(B)

(C)

Figure 7-1: Drawing of possible chain formation between two defect sites, as molecular wire
between two distinct points. (A) Two defect sites in a crystal on which TTPO molecules are
mobile until they interact with defect. (B) Chains begin to form at defect sites. (C) Chains
connect to form molecular wire.
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charge transport.
Because of the underlying gold substrate, there is the possibility of covalent bonding
between the sulfur in the TTPO molecule and the gold atoms in the surface. As discussed in
Section 2.2.5, for thiols on gold, and sulfur in general, covalent bonding can lead to surface
reconstructions. The sulfur-bridge substituent is less reactive with gold, similar to pentalene;
the bridge shares electrons across it. This is likely why the molecule does not readily adsorb
on any gold atom, it requires the reactive step edges and reconstruction networks to adsorb.
The molecule begins physisorbed on the surface, and it is unclear if or when it becomes
chemisorbed. Calculations of the distance between the sulfur end of the TTPO molecule
and the surface results in a distance significantly less than pentacene or DCP which are
only physisorbed (for TTPO, DCP and Pentacene, the distance is 2.4–2.71 Å, 3.20 Å and
3.2–3.5 Å, respectively). If there is any chemisorption, it is likely only at very specific
locations. Calculations comparing the adsorption energy of TTPO to pentacene, Section
5.7, reveal that TTPO is 0.84 eV more strongly adsorbed on Au. This calculated value is
approximately the difference between pentacene adsorbed on Au and the S-Au bond. This
suggests chemisorption, but experimental methods could be used to verify the energies. The
AES determined desorption temperature of 340 ◦ C, corresponds to 0.05 eV of thermal energy,
much less than the S-Au bond strength of ∼ 2 eV.
The possibility of an Au-S bond and the fact that the TTPO molecule is dipolar has
implications for the band alignment between the molecule and the surface, as discussed in
Section 2.3.2. Even across the chains, because of the polar properties of the molecules, there
would be a net dipole away from the surface as well as in one direction along the chain,
Figure 7-2.
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DIPOLE ALONG LENGTH
OF CHAIN AND OUT OF
PLANE

Figure 7-2: Drawing of the dipole moments of individual TTPO molecules in a chain. The
net dipole would be along the chain in one direction and out of the chain away from the
surface.
The dipole nature of the molecule could adjust the barrier across the interface, resulting
in a modified workfunction, like the thiols in Figure 2-16. Calculations could be done to
determine this modification.

7.2

Discussion of the Self-Assembled Monolayer

The formation of this SAM is facilitated by the steps of the vicinal Au (788) surface. Figure
7-3 is the only resolved images of long molecular chains on a terrace with a more ordered
SAM on the Au(788) steps at room temperature. (Appendix I – Figure I-4 has a handful
of images showing both.) Clearly structure is dependent on the substrate for the TTPO
molecule.
If I were to rate the importance of the different interactions occurring on the surface, I
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(A)

(B)

Figure 7-3: (A) STM image of TTPO on Au(788) steps as well as a wider defect terrace.
Image has been enhanced to more clearly make both substrate terraces visible at the same
time for unideal imaging conditions. (B) STM image more clearly showing long molecular
chains on the terraces. (0.06 nA, + 1.25 V sample bias)
would say: molecule – step/defect interactions overcome molecule – molecule interactions
which overcome molecule – gold substrate interactions. For this system, these interactions
are in a close competition, just what you would expect for self-assembly [see Section 1.1].
The structure of the SAM was determined more complex than initially interpreted by
STM data alone. DFT was necessary to determine the dual-offset structure, which is an
energetic minima structure theoretically but which is still consistent with the STM data.
The experimental structure initially proposed turned out to be a simplified average of two
distinct structures uncovered by DFT. Without incorporating theoretical calculations into
my dissertation research, this subtlety in the structure would had been overlooked.
As mentioned with the chains, the dipolar properties of TTPO creates a SAM which
could be used to modify the gold surface underneath.
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7.3

Discussion of Angle of Assembly

The determination of the angle of assembly of TTPO molecules was only possible due to the
use of DFT calculations. The TTPO molecule adsorbs on the gold surface with the sulfur
bridge substituent angled down towards the gold with the oxygen substituent angled away.
The Au-S attraction likely facilitates the rotation of the molecule. The angle of assembly
is dependent on the surrounding molecules. For a lone TTPO molecule, the angle is ∼ 11
degrees which is less when there is surrounding molecule overlap. Depending on the overlap,
the angle of assembly is one of two angles ∼ 14.4◦ or ∼ 16.9◦ . These calculations are based
on one Au layer, but for a more accurate representation of the surface, these angles increase,
Section 5.7.
COMMON PENTACENE ASSEMBLIES COMPARED
WITH LATERAL-STANDING ASSEMBLY

O
PENTACENE
S

S

S

TTPO CARTOON

STANDING-UP

LATERALSTANDING

FLAT-LYING

Figure 7-4: The common pentacene assemblies have the pentacene molecule flat-lying on
it’s side or standing-up with the long axis of the molecule away from the surface. This
diagram utilizes a cartoon of the TTPO molecule, for which pentacene is the backbone of
the molecule. The lateral-standing assembly is proposed in this dissertation as an unique
assembly unreported for pentacene or it’s other derivatives. This figure is previously used in
Section 2.2.2, but reproduced for convenience.

Angled-molecule assemblies on surfaces is not uncommon, see thiols on gold – Section
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2.2.5, but for a rigid pentacene derivative, this particular type of assembly has never been
seen before on a surface. Usually pentacene and it’s derivatives lie-down flat on metals and
stand-up (maybe with a small cant angle) on semi-metals and insulators, Figure 7-4. This
lateral standing of the molecule is unique to TTPO assembly on gold. This position is similar
to packing in bulk pentacene crystals, but is unheard of for on a metal surface. There is an
article by Yoshikawa, et. al. [74] where he puts forth the topic that it cannot be explained
why pentacene does not grow in ’Buddha-lying’ mode but can be standing-up on surfaces.
His ’Buddha-lying’ mode, Figure 7-5 proposes the molecule lying on it’s side, parallel to the
surface, which is similar to the lateral assembly of the TTPO molecule on gold, albeit maybe
referring to a more perpendicular angle of assembly.

Figure 7-5: Stone statue of Sakyamuni attaining enlightenment whilst lying on a couch. Liao
dynasty (907 - 1125). Held at the Capital Museum, Beijing. [30]

The current angles of assembly, at less than 17 degrees, are calculated for supercells
containing only one layer of Au. With the addition of more layers of Au to the calculation,
the TTPO molecules are adsorbed closer to the surface and the angle of assembly is increased.
The 4-layer gold calculation is a more accurate representation of the surface which gives
angles of assembly on the order of 14 degrees for individual molecules, however for the large
supercells of the SAM, this calculation is very time consuming, but it can be extrapolated
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that the actual angle of assembly in the SAM is greater, at least on the order of 17-20 degrees,
see Section 5.7. There are many methods that can be implemented and explored to come to
a more accurate angle of assembly for TTPO on Au, but without experimental angular data,
using a technique such as Glancing Incidence X-ray Diffraction or Infrared Spectroscopy, we
may be taking the calculations too far too soon. We can however say conclusively the nature
of this angular assembly:
• TTPO molecules adsorb on gold in a lateral postion in an angular assembly
• The sulfur-bridge substituent is angled down towards the gold and the oxygen substituent away
• The angle of assembly is dependent on the overlap from surrounding TTPO molecules
• The angular assembly and subsequent overlap of TTPO molecules, increases π-stacking
between adjacent molecules

7.4

Further Discussions

There is likely a secondary layer of diffuse TTPO atop the SAM. This is supported by:
1. STM imaging of the ML, though easier than imaging the diffuse molecules at low
coverage, was unstable. Seemingly clear ML images were subject to lose tip stability
abruptly.
2. The observed molecular switching of the secondary structure in the ML means the inclusion and removal of additional TTPO molecules. The tip must be injecting molecules
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into the offset structured ML in order to create the areas of high-density noted as a
secondary switching structure.
3. Pure pentacene exhibits a mobile layer of molecules atop monolayers, which only become visible at low temperature, as discussed in Section 2.2.2.
This secondary structure has a higher-density of TTPO molecules, which in turn means the
angle of assembly would be greater than of the offset SAM. This could signify the possibility
of creating a SAM of high-density for TTPO molecules on Au given the correct environmental
parameters.
In DFT calculations to find structures, the initial arrangement of molecules on a surface
can determine which energetic minima are obtained. As discussed in Section 4.1.3, there is
not enough information after calculations to prove that all minima have been found. As such
the initial position of atoms and subsequent electron density is important both for accuracy
and efficiency in calculations. The calculations presented in this dissertation used initial
positions based on what I determined from experimental STM data. DFT was able to refine
and expand the structures, which I then compared with the STM data. Discrepancies need
to be addressed because sometimes structures favored by calculations are not those preferred
in nature. I was able to resolve any discrepancies and verify that the DFT structures did in
fact correspond to those seen in experiment. Given more time I could further verify these
results with additional experimental studies. There are a number of techniques (Section 7.5)
which could be used to verify the structure of TTPO molecules on the surface, but these
methods all require long-range ordering of the monolayer. STM is ideal for new molecules
and assemblies because you can ’build-up’ to the order needed for other methods. As such,
from my STM investigation we now have the knowledge to make more ordered monolayers
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of TTPO which could be used to verify our theoretical results.

7.5

Possible Future Directions

In this section, I briefly mention on-going calculations and new computational directions
relevant to this dissertation. I also suggest a number of experiments which could be used to
verify the computational predictions and absorption structures presented in this dissertation.
For the potential experiments, I give appropriate techniques and reference studies utilizing
said technique for pentacene SAMs.
• Additional structural calculations.
– The structural relaxation of SAM of offsets 1 and 2 on vicinal gold steps could be
performed. The calculation of offset 1 is already underway.
– The relaxation calculation of offset 2 as a monolayer on flat close-packed Au is
underway. Because of the large unit cell, this calculation will be incomplete by the
submission of this dissertation, but this calculation would give better insight into
the stability of offset 2. An approximate structure was used in the comparison of
the calculated SAMs.
– The secondary close-packed structure could be examined through calculations.
With the lack of low temperature STM data to examine, another method of defining this possible structure is necessary. Understanding this close-packed structure
could be a means of creating a SAM with a larger angle of assembly.
• Molecular dynamics simulations.

159

– The newest addition to our research group will be undertaking modeling TTPO
molecules on gold as a molecular dynamics simulation. This proposed project will
follow my research objective of categorizing the interactions of TTPO on Au by
examining the dynamics of TTPO adsorption on gold through DFT simulation.
This is in part why Chapter 4 is very detailed in regards to the use of QE. I
will play a mentoring role in this Master’s project even after this dissertation is
complete.
• Electronic properties of the TTPO-Au interface.
– A DFT calculation could determine possible work function modification due to
polar TTPO molecules on Au.
– The STM could be adapted to preform scanning tunneling spectroscopy for determining properties such as band gap in situ [28].
– Angle-resolved Photoemission Spectroscopy (ARPES) can be used as a way to
image the electronic structure of materials [44].
– An experimental study could verify the DFT calculations of the TTPO-Au adsorption energy as on the order of S-Au, suggesting possible chemisorption or
otherwise.
∗ Thermal desorption spectroscopy, utilizing the AES spectra used to determine
the desorption temperature for preparing the substrate, could be more rigidly
evaluated [129–131].
– Utilizing X-ray Photoelectron Spectroscopy (XPS), the chemical binding of the
TTPO molecule to the gold surface could be examined.
160

– XPS has been utilized with Ultraviolet Photoemission Spectroscopy (UPS) to
determine the energy level alignment at the interface of pentacene with gold and
the resulting interface dipole [72].
• Angle of assembly and structural determination.
– The DFT calculated angle of assembly could be compared with experimental
results given the correct equipment.
– A low temperature STM study is still a viable method of determining the structural correlation between the SAM and the underlying gold surface.
– Grazing Incidence X-ray Diffraction (GIXD) has been used to find the angle of
assembly and structure for pentacene monolayers on amorphous silicon [74, 123].
– Near-edge X-ray Adsorption Fine Structure (NEXAFS) can determine adsorbed
molecular orientations and bonding changes. Studies show it has been used to
find the angles for pentacene on SiO2 and Au/mica [132], for pentacene on thiolpassivated gold [77], and pentacene on Cu(001) [76].
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Appendix A
Changing Samples and Venting
LOAD SAMPLE INTO CHAMBER
• STEP 1: Vent Load Lock
– close Vat Valve to main chamber[1]
– close angle valve to roughing pump (yellow valve)
– make sure Vat valve to turbo pump open (otherwise not venting)
– on Pfeiffer control for turbo pump
C
∗
C
∗
∗

to vent mode
click both [C ] [B ] to get =⇒ in upper left corner
to 0 for venting
click both [C ] [B ] to select
press [Φ] off

– F actual rotation speed will reduce from 1000 to 800 at which auto-vent will
occur
• STEP 2: Load Sample
– remove appropriate flange[2]
– remember gloves and long tweezers
– new copper gasket needed for knife edge of flange
– check all electrical connections on sample before inserting
• STEP 3: Pump Down Load Lock
– disable vent : change vent mode from 0 to 1
∗ if chamber to be open extended period of time, disable after vent complete
– open angle valve to roughing pump
– F pressure will begin to decrease on gauge
– ∼ 10−2 mbar turn on turbo pump [Φ][3]
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ALTERNATE MAIN CHAMBER VENTING
[1]

Vat valve to main chamber left open, while Vat value to Ion pump closed (ion pump

pumps throughout vent), ion gauge turned off
[2]

Remove and replace necessary broken parts

[3]

Ion gauge remains off until single-gauge at min, ion valve remains closed until after

bake out
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Appendix B
Bake-out
BAKING OUT LOAD LOCK AND MAIN CHAMBER
• STEP 1: Remove Plugs
– remove plugs from sample garage, deposition sources, ion gun
– remove STM plugs on multiflange
∗ attach green grounding plug to plug C
∗ make sure sample stage locked
– remove AES plugs and replace metal covers
– cover exposed ceramics and leads with aluminum foil
• STEP 2: Arrange Gauges
– place metal thermocouple wire on multiflange for main chamber bake out or on
load lock for load lock only bake out
– turn off Pfieffer single gauge [O], remove with 1/16 hex screw
– turn off Ionization gauge
∗ Plug in appropriate plug: blue for full bake out, white for load lock only
∗ Turn IG back on, adjust settings to course behind display for bake out
• STEP 3: Bake Out Tent
– plug load lock blue plug into channel 2 on back of tower
– for full bake out, plug main chamber blue plug into channel 3
– F channel 1 is unregulated, no temp control
– plug small black plugs into power strip, verify strip plugged in
– on Bake Out controller
∗ turn knob 0 =⇒ 1 to turn on
∗ set temp, normally 125 ◦ C
∗ set time, ∼18 hrs load lock, > 30 hrs full chamber
– monitor to make sure chamber gets up to temp, no over heating
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Appendix C
The Degas Procedure
DEGAS PROCEDURE
• STEP 1: During end op bake out, before ends, open VAT valve to Ion pump when
pressure at minimum
• STEP 2: Degas TSP (all three filaments) when bake out ended
• STEP 3: Degas ION guns #1, #2 using degas setting, attach cables with gloves F
hot F
• STEP 4: Attach Single Gauge, attach thermocouple and cables
• STEP 5: Degas power supply/ sample anneal cycle ∼2-2.5 A, 400 V, 25 min
• STEP 6: Run RGA
– Graph → Select scale → Linear
– use [double toothed-connector button] → COM 2 → [ CONNECT ]
– use [curled wire filament button] (turns on filament) → check pressure increase,
– if < 10−6 mbar turn on electron multiplier [electron arrows to 3 electron button]
– use [go sign button] Graph → Autoscale
– To stop... reverse
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Appendix D
The Sample Holder Modifications
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Figure D-1: Redesign of sample stage and holder. Includes a longer sample holder and a
new method for determining sample substrate temperature
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Figure D-2: Redesign of sample holder with thermocouple plug
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Figure D-3: Schematic diagram of sample holder
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ceramic

thermocouple wire

Figure D-4: Schematic diagram of thermocouple plug on sample holder. Thick metal thermocouple wire is bent, spot-welded in place, and ground down at the plug end for leads.
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Figure D-5: Redesign of sample stage
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new dimension

Section C-C(7:1)
Section A-A(7:1)

Figure D-6: Schematic diagram of sample heating stage
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Ceramic
Material
Figure D-7: Schematic diagram of thermocouple socket on sample stage
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Will have center
hole to hold down

Two Materials:
Nickel-Chromium
Nickel-Aluminum

Figure D-8: Schematic diagram of thermocouple clips that fit within the thermosocket. Made
from K-type materials, usually by hand
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Figure D-9: Illustration of thermocouple plug going into socket. Fit of the socket is adjusted by changes to thermocouple plug leads and thermocouple clip geometry within the
thermosocket
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Appendix E
The Au(788) Annealing Procedure
ANNEALING Au
• 1. Check
– thermocouple attached
– power wires to garage attached
– black top plate wire grounded
• 2. SPECS power supply
– turn on, increase thermocouple limit (e.g. 670◦ C)
– slowly increase filament current → 2.63 A RECORD
– Temp and pressure will increase turn off I.G.
– set knob for temperature stabilization to Acc. Voltage Internal
• 3. Slowly increase accelerating voltage
– emission current should be in 30-40 mA range
– Acc. Voltage max at 1000V, 600V might be necessary to increase temp adequately
• 4. Record when filament starts, and when sample reaches desired temp
– anneal ∼ 15 min
– monitor sample visually; sample can be ’barely glowing’
• 5. END
– turn down Acc. Volt
– slowly turn down Filament Current, taking ∼ 1 min
– shut off sample heating
• 6. Turn on I.G. (after a few min), wait for temp to go to ∼ 50◦ C to sputter again
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Appendix F
The Au(788) Sputtering Procedure
Au SPUTTERING
• 1. Check
– Load Lock Open
– VAT valve closed (to turbo pump)
• 2. Position sample stage such that Ion Beam will hit center of sample (approx. sample
stage shuttling position) ∼ 42.5
• 3. Attach Ion gun cable to appropriate Ion gun (3 flat head screws)
• 4. Turn on Ion Gun IQE 11-A
– turn on red switch & flip to operate
– pressure will increase, wait till pressure decreases to stable
– check inside chamber that light in gun shines
– increase energy ∼ 0.63 KeV
• 5. Double check VAT valve closed
• 6. Release Ar valve (ccw to open)
– increase pressure ∼ 1x10−5
– F stay < 10−4
– ∼ 6 turns
• 7. Record Parameters
– temp will increase slightly
– closely monitor pressure, opening valve to stay ∼ 10−5
– periodically observe sample, checking for discoloration, etc..
– sputtering cycle normally 10-15 min
• 8. END
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– close Ar valve (cw), just till finger tight
– gently turn down energy, flip switch to standby, turn off red power
• 9. When pressure in main chamber < 1x10−9 mbar, VAT valve to turbo pump can be
opened
• 10. Wait for pressure < 5 x 10−10 before beginning anneal
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Appendix G
The AES Operating Procedure
Written by Jeremiah van Baren 4/10/2013
• Sample Position
– Mount sample in holder and position manipulator handle at operating distance
(d) from flange and rotate port-aligner to operating rotation (r).
– Operating: d = 70.88 mm r = 1.2 mm
• Electron Gun
– Beam blanking : ON
– Power : ON
– Current Display : Filament (If )
– Set voltage (V) and filament current (If ) to standby values in ∼ 5 seconds.
– Standby Values: V = 1.00 kV If = 1.30 A (∼ 5 seconds)
– Increase voltage (V) and filament current (If ) by step size (dV, dIf ) in 5 second
increments to operating values
– Step Size: dV = 0.50 kV dIf = 0.10 A (∼ 5 seconds)
– Operating Values: V = 3.00 kV If = 1.55 A
– Current Display : Emission (Ie)
– Beam blanking : OFF
– Grid Voltage : 8.0
– Set emission current (Ie) to desired value by adjusting grid voltage
– Operating Values: Ie = -05.0 µA
– Beam blanking : ON
– Emission current will drift, adjust grid voltage to compensate.
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• Winspectro
– Start program, select Auger from Spectro menu.
– Select set scan from Edit to set scan parameters.
∗
∗
∗
∗
∗
∗

Step-Width [V]: 0.25 (auto adjusts to 0.299)
Dwell-Time [ms]: 30
Retrace-Time [ms]: 1000
Signal Source: Analog
Gain Factor: 1
de/E [%]: 1.0

– Select Scan-Mode to specify number of scans to accumulate.
• Analyzer
– Analyzer and Resolution set to COMP.
– Power : ON
• F Quick Aside: Keep beam blanking on unless scanning! (Minimize the time that
beam blanking is off and detector high voltage is on to reduce multiplier wear.)
• Detector
– Lock-in Settings:
∗ Phase [deg]: +160.3
∗ Time Constant [ms]: 30
∗ Sensitivity [µA]: 3
– High Voltage (HV): OFF
– Power : ON
– Modulation: ON (7.0 suggested value)
– Reduce modulation when scanning or idling analyzer in low energies (<100eV) to
prevent multiplier saturation.
– Multiplier should read ∼ 1500 V. If not, select Multiplier in scan window.
• Scan Start
– Detector HV : ON
– Beam Blanking : OFF
– Adjust grid voltage to maintain operating emission current.
– Start Scan by selecting Run/Hold in Functions or by pressing F1.
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Appendix H
Tip Sputtering
TIP SPUTTERING
1. Insert sputter-shield sample holder (side with discoloration down towards STM body)
2. Approach tip, visually check tip through hole in shield an not touching sides, retract tip
0.002 mm by decreasing step size, record
3. Turn off HV, leave up Motor Control on screen
4. Remove plugs B & C, lock cradle, remove filter box from plug A (check BNC connectors
are not circuit)
5. Put extra skinny plug in C, ground
6. Put plug As BNC connectors in for µA, record initial current (ex. 0.3 µA)
A

Ugap

B

It

Measure
Current

Figure H-1: Wiring diagram for plug A & B of the STM.
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7. OPEN LOAD LOCK, CLOSE VAT VALVE F record pressure once stable
8. Check correct sputter gun connected [ IQE-11-A ], turn on & turn to operate
9. Set 3 keV, run for a min until pressure goes down
10. Open valve at top of sputter gun, adjusting such that current reads ∼ 1.0 µA and
pressure does not exceed 5 × 10−5 mbar
11. Sputter for 10-15 minutes
12. Close Ar valve on sputter gun, decrease energy, shut off
13. Replace cables & release cradle, turn on HV, increase step size & retract tip F check
tip visually retracted
14. Open VAT valve once pressure decreases ∼ 1 × 10−9
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Appendix I
Low Temperature STM
STM imaging of TTPO molecules at room temperature was difficult due to the high mobility
of the molecules on the surface. Tip stability was a serious limiting factor in the imaging
of surfaces of less than a monolayer of TTPO. For the TTPO SAM there were still issues
in stability due to tip-induced molecular switching. Unstable domains of molecules in the
SAM would rearrange when scanned with the tip. In order to resolve TTPO molecules at
room temperature, the tip current was set to the device minimum – 0.060nA.
In order to stabilize scanning, low temperature STM of TTPO on Au was suggested. The
idea was that with decreased temperature (70 K), the kinetic energy and hence diffusion of
TTPO across the surface would be reduced. Pentacene studies are often performed at low
temperatures [23, 71, 133]. For the study of the pentacene derivative, DCP, low temperature
imaging was unnecessary. My attempt to image TTPO at low temperatures was the first
attempt to utilize the low temperature capabilities of the SPECS STM. STM imaging at low
temperature proved very time consuming, with little results.

I.1

The Procedure for Low Temperature STM

1. The sample is prepared and inserted into the STM stage.
2. The heater SPECS VTC 20 is attached to Plug B of the STM, see specs manual for
drawings. The temperature control for the STM (T1) is set to controlled ( use voltage
at room temperature for setting) while the control for the cradle is set to manual. The
controller reading can be used to determine temperature in Kelvin using Figure I-1.
3. Liquid Nitrogen (LN2 ) is pumped through the tubes of the cooling system while the
cradle holding the sample is locked. Using SwageLock connectors, the LN2 tank is
attached to one of the cooling tubes, while the other vents the N2 gas.
4. Wear gloves and eye protection. To open the LN2 tank, turn the liquid release valve
until a steady flow of air is coming through the cooling tubes. Wait about 10 minutes
and allow the cooling system to start reducing temperature. The hose from the tank
to the STM should be frosty. Check that the sample is still tightly locked. At this
point, begin recording voltages of the cradle.
5. Open the liquid release valve slowly until white vapor comes out of the venting tube
approximately 50% of the time. As it cools more, liquid may sputter out. ? The
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pressure building valve on the LN2 tank can be used if the flow is inadequate or you
are towards the end of a tank. READ up on how to do this safely, before attempting
– gauges must be watched ?
6. Record the controller voltage. Cool until desired temperature is achieved (minimum
70–100K). Check sample is still locked once or twice in this cooling time. It may take
at least 2 hours to cool the sample.
7. Close LN2 liquid release valve. Release cradle (will take effort) and approach tip. Begin
scanning.
8. When scanning is complete and cradle locked, the cradle must be warmed up using the
heater. This may take an hour or more, I usually set the controlled heating to reach the
temperature of 273K. Powering off the heater while the STM is at room temperature
and the cradle is at low temperatures will cause potentially detrimental rapid cooling
of the STM.
Once cool, the sample warms up at a rate of – 10K per hour. When the sample is cool,
but the STM tip is a room temperature, the difference in temperature causes the tip to drift
as it scans. This can be compensated by the SPECS software rather easily since it is at a
roughly constant rate.
To prepare the sample takes at least a week’s worth of time, after which there is a limited
amount of time at which the sample is cool. When the sample and STM stage are cooled
down to liquid N2 temperatures, the pressure in the vacuum system decreases. Gases in the
vacuum chamber condense on the sample and STM stage, this means the sample becomes
contaminated more quickly than at room temperature. This is another time limiting factor
for low temperature STM.
If room temperature scanning goes poorly after sample preparation, the sample may still
be clean enough to be used a day, maybe two, later. However, if the sample has been cooled
down for low temperature STM, the sample will be too contaminated to use again. This
means if for some reason, the STM is not working properly in the time frame the sample is
cool, the complete preparation process must be re-done.
• The TTPO molecules must be removed from the sample.
• The pressure within the chamber must be recovered.
• The Au substrate must be cleaned with a number of sputtering and annealing cycles.
• And, the TTPO molecules must be deposited, and their presence verified.
The whole process may take another two weeks before the sample is ready for low-temperature
STM again.
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Figure I-1: VTC 20 controller output table is used to convert the controller reading to the
appropriate temperature. From Ref. [31].
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(A)

(B) After scanning for a long time

Figure I-2: May and June 2014. Imaging at low coverage at low temperature was more
difficult than expected. In image (B), taken after an extended period of time at low temperature, debris is all over the steps, obscuring the small number of TTPO molecules. ((A)
0.06 nA, + 1.25 V sample bias; (B) 0.34 nA, + 1.25 V sample bias)

I.2

Low Temperature Study of TTPO on Au

In the first few months of attempting low temperature STM, there was an electrical problem
that proved troublesome (fixed Dec. 2013). At low temperature, the STM would sometimes
experience a short, i.e. the tip was not electrically isolated from the sample. This short,
however, was not there at room temperature. Removal of the STM into air and cooling
it down until the short occurs would be a poor choice, so trouble-shooting this short was
difficult. The STM was removed and probable causes were addressed; e.g. broken insulators,
wires touching or connected incorrectly. The second removal of the STM proved to solve
the problem. Due to the sputtering of metals in the chamber, sometimes thin metal films
can form on the insulators nearby. This is an issue directly on the sample heating stage
when the films become visibly continuous, but the STM being farther away receives very
little of the sputtered metals. The insulators on the STM were slightly discolored in the
direction of the sample heating stage. The thickness of the metal film was not conducting
at room temperature, but it was possible at low temperatures. On all insulators, the films
were either filed off or cleaned depending on the material, and the short was no longer an
issue. Unfortunately this proved not to be the only complication for low temperature STM.
As mentioned in Section 3.5.4, the software/hardware for controlling the STM can be
unreliable. This is due in part to the age of the STM control unit. According to sources at
SPECS, there was only one other system in the US running the same configuration, hardware
and software, and sometime before I began the low temperature studies, that system was
upgraded because of similar problems. That control system went downhill quickly and
became unusable, but our system still works more than 50% of the time at room temperature,
it is just unreliable. The reliability of the STM slowly is diminishing, but this only begun to
pose a significant problem towards the end of my research. Because of the small window of
time where your prepared sample will remain clean and cold, the unreliable STM imaging

187

can mean a loss of weeks before your UHV and sample preparation is duplicated. I was only
able to take low temperature data, roughly twice a month. I balanced this low temperature
study with QE calculations during the time frame of October 2013 - September 2014.

(A)

(B)

Figure I-3: October 2013. During the Low Temp. study. (0.06 nA, + 1.25 V sample bias)
Overall, because the images obtained at low temperatures did not possess better resolution than those at room temperature, very little new information about TTPO on Au was
obtained. The goal of the low temperature study was to be able to resolve the assembly of
TTPO molecules with respect to the underlying gold surface. This was not achieved (lack
of tip stability). The best image of very little TTPO coverage is Figure I-2 (A). Multiple
attempts at imaging low coverage were made but after a while I decided to try something
different. In June 2014, I prepared a ML of TTPO which resolved at low temperature for
a number of images, Figure I-4. I was able to resolve TTPO on both the steps and the
wide-defect terraces for the second time. The first was a small number of images at room
temperature, Section 5-12. I was able to get the best resolution for the whole low T study
this day, but it was less resolved than the room temperature images.
One of the last low temperature STM attempts was using a sample which had more than
a monolayer deposited on it, Figure I-5. These images are some of the most interesting
ones resolved. There appear to be stacked domains of herringbone-like rows parallel to one
another, perhaps on Au(788) terraces.
The few times I was able to resolve the surface and image molecules, the system was very
unstable and resolution would only last a number of minutes. Usually with increased time
scanning, the tip stability increases, and better images are taken. This was not so for my
imaging at low temperature and I am unsure of what the root cause was. Imaging for 6 12 hrs at a time and not being able to stabilize the tip was rather disappointing. It was a
costly effort, but images of TTPO molecules with the underlying gold atoms resolved was
too good of a possibility not to attempt it. I believe with a new control unit, imaging TTPO
could be done at low temperatures.
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(A)

(B)

(D)

(C)

(E)

Figure I-4: June 27, 2014. In this series of images a more ordered structure is seen on the
steps, while long chains are on the terrace. Image (E) is the closest I was able to resolve the
surface in any of my attempts at low T, and shortly after, I lost all tip stability.((A-C) 0.07
nA; (D) 0.12 nA; (E) 0.10 nA, + 1.25 V sample bias)
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(A)

(B)

(C)

Figure I-5: September 8, 2014. Towards the end of my low temperature study, I decided to
try depositing what I knew would be greater than a monolayer. There are very interesting
stacked domains that are visible. In a higher resolution image (C), herringbone-like rows
form. (0.07 nA, + 1.25 V sample bias)
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Appendix J
Vortex
Vortex is a 8 node cluster with 64 CPU and 192 GB of memory managed by SLURMopen-source Linux cluster manager software. Quantum ESPRESSO v5.0 was previously
installed and all calculations are run in parallel calculation mode using MPI (Message Passing
Interface). Calculations are run from the Home directory and data is stored there as well.
Vortex physically resides in the UNH Physics department and is currently utilized for
condensed matter theory. The computer should be reached via secure shell, Table J.1.

Table J.1: The secure shell is used to reach Vortex and the program names of XCrySDen
and PWgui are commands. [This must be done through UNH’s approved VPN when off
campus.]
COMMAND LINE:

PURPOSE:

ssh ami3@vortex.unh.edu -X

enter vortex and open interactive windows

xcrysden

launch XCrySDen

pwgui

launch PWgui

By launching X11 or another interactive window, two programs that can be utililized
within the QE package are XCrySDen [118] and PWgui [110]. PWgui is a graphical user
interface for generating PWinput files and XCrySDen is a tool for visualizing crystal and
molecular structures. How to use both can be found at their respective websites, and their
executable in the command line is just the program name.
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Table J.2: MPI script for QE input specifying output file.
Vortex Example Submission Script
#!/bin/sh
export OMP NUM THREADS=4
mpirun pw.x-mp < 6TTPOAu1steprelax.pw.in > 6TTPOAu1steprelax.pw.out

To run QE on Vortex, it is necessary to make a ’mpirun’ script for submission into the
queue, Table J.2. The queue is essentially a list of calculations to be run based on the script
submitted. This script says to run the QE executable pw.x in parallel mode (-mp) using the
input file ’6TTPOAu1steprelax.pw.in’ and outputting to the new file ’6TTPOAu1steprelax.pw.out’.
The first two lines have to do with how the script is run; the #!/bin/sh is what shell the
program is run in and the second line tells you how many threads (or subtasks) the calculation is split into. For running QE on Vortex, the number of threads is based on the number
of k-points, but is also limited by the number of nodes in Vortex. The batch submission
manager in Vortex is SLURM. To submit the script above, the ’sbatch’ command is used.

Table J.3: SLURM commands to control the batch system.
COMMAND LINE:

PURPOSE:

sbatch -N 2 -n 4 espressoscript6

submit script

squeue

shows queue

scancel <Job ID #>

cancels script with #

sinfo

shows node status

The command in Table J.3 submits a script that will run on 2 nodes (-N 2) with 4 tasks
per node (-n 4). The queue can be seen using the command: ’squeue’ which will show info
such as the Job ID #, nodes used and program run time. The script can be canceled using
the ’scancel’ command and the status of the nodes on Vortex can be seen with the ’sinfo’
command.
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Common Problems on Vortex include:
1. QE libraries not linked – Updating Vortex sometimes unlinks the libraries necessary
to run QE; i.e. QE cannot find their location. To fix this problem, the links have to
be manually set in QE.
2. Power fluctuations – Vortex is sensitive to power fluctuations and sometimes does not
turn back on without manual intervention
3. Finite size of Vortex – Vortex currently only has 6 nodes available for computation.
For larger systems, the computing power of Vortex may not be adequate.
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Appendix K
Trillian
Trillian [134] is a CRAY XE6m-200 supercomputer, with 132 nodes and 4224 cores (2.4GHz
CPUs) running with PBS Batch system. Trillian is physically located in the Space Science
Center at UNH, with permission I was able to utilize the computer to run my more complex
calculations. I had to install and configure QE on Trillian such that it runs in parallel and
all data is saved to a separate 160TB Lustre parallel file system for storage.
Table K.1: Example useful locations on Trillian based on my personal folder ami3. The
/home/spg/ was set up as the home folder for the Surface Physics group at UNH.
USEFUL LOCATIONS
home:

/home/spg/ami3

QE:

/home/spg/ami3/espresso-5.0.3

lustrefile:

/ls/mnt/lustre/lus0/home/spg/ami3

INPUT Files:

/home/spg/ami3/calculations

Because every computer architecture is unique, QE itself does not specify how configuration should be done, just loose guidelines [119]. Every user on Trillian has the ability
to specify the environment (modules) in their home directory (which can change after each
session). After much trial and error, Table K.2 explains how to configure QE on Trillian.
Files can be moved between Vortex and Trillian using the scp command, but remember,
currently XCrySDen and the PWgui are only on Vortex. On Trillian it is very important to
update the locations the pseudopotentials are stored in and where the Lustre file system is
located in all input files, Table K.3.
Running QE on Trillian is more complex than running on Vortex. Trillian uses the
Portland Batch System (PBS) and ’aprun’ to run parallel scripts; a very different structure
as opposed to the SLURM on Vortex.
On Trillian, aprun replaces mpirun in the submission script (Table K.4); and in the aprun
command line, the location of the executable pw.x is explicitly stated so that the script
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Table K.2: When the espresso source code is in your home folder on Trillian, QE can be
configured as follows.
COMMAND LINE:

PURPOSE:

module list

list all current modules

module load cray-libsci/12.0.01

contains all necessary libraries

module switch PrgEnv-cray PrgEnv-pgi

uses PGI to compile

module load xtpe-istanbul

sets cray-target to Istanbul

module unload atp hss-llm

removes modules that can cause
problems

./configure –enable-openmp

necessary to be in QE folder

–enable-parallel –with-scalapack

QE should automatically find cray
libraries

vim make.sys

manually

add

DIOTK WORKAROUND1

at

DFLAGS line in make.sys if not
there already

make pw

make executables: pw, pp, gui or
all; if not first attempt: make clean,
then execute
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Table K.3: The output directory and location of pseudopotentials for a specific computer
must be specified. The following is what must be changed on input filed moved from Vortex
to Trillian.
On Trillian input files, change to the following:
outdir = /mnt/lustre/lus0/home/spg/ami3/tmp,
pseudo dir = /home/spg/ami3/espresso-5.0.3/pseudo/,

can be submitted from any directory. For this script, the node and processor allocation
is given by the total number of processes (mppwidth) and number of processes per node
(mppnppn); i.e. 16 processes each on 16 nodes, for a total of 16×16=256 processes. The
’export OMP NUM THREADS = 1’ line is essential in getting QE to run on Trillian; QE
does not run for numbers greater than 1. It is likely this variable is used differently on
Trillian than on Vortex where values greater than 1 can be specified.
To run the script is also more complicated on Trillian because the appropriate environment must be set up upon submission, Table K.5.

Common Problems on Trillian Include:
1. Wrong environment — Because some of the modules switch back to defaults at the start
of a new terminal session, knowing what modules are currently loaded is important.
Submitting a qsub script in the wrong environment will cause problems; i.e. QE may
get stuck in a computation.
2. Too many nodes, etc. — With a large number of nodes and processes available, scaling
up the calculation too large can be inefficient. It may be a better option to work up a
known configuration or start multiple configurations at the same time and test which
parallel configuration is more efficient before starting a large calculation.
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Table K.4: PBS example submission script for a QE input file on Trillian.
Trillian Example Submission Script
#!/bin/bash
#PBS -l walltime=99:99:99

total time allowed to run

#PBS -l mppwidth=256

total number of processes (-n)

#PBS -l mppnppn=16

number of processes per node (-N)

#PBS -j oe

combines standard out and error

#PBS -o 6TTPOrelax.log

output log name

#PBS -S /bin/bash

specifies shell

#PBS -V

exports all environment variables

cd ${HOME}/calculations

changes directory to where input is

export OMP NUM THREADS=1

really important, not sure why only 1
works (-d)

aprun -n256 -N16 -d1 ${HOME}/espresso-5.0.3/bin/pw.x -mp < 6TTPOAu1steprelax.pw.in
> 6TTPOAu1steprelax.pw.out
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Table K.5: The appropriate environment for QE must be set up using modules on Trillian
before submission of a script.
TO RUN qsub SCRIPT FOR THE COMMAND LINE:
module switch PrgEnv-cray PrgEnv-pgi
module load xtpe-istanbul
module unload atp hss-llm
qsub [espresso test.qsub]

Table K.6: Useful commands for control in PBS.
COMMAND

PURPOSE

qstat -a

to see queue, all jobs and ID#s

qsig -s KILL <job ID #> to stop running job
qdel <job ID#>

cancel job not yet running in queue
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Appendix L
Useful Linux Commands
Table L.1: Useful commands for moving files between computers using the command line.
MOVING BETWEEN COMPUTERS
secure shell command line login:
ssh ami3@vortex.unh.edu or ami3@trillian.sr.unh.edu
copy from current computer to another:
scp ∼//file.pw.in ami3@trillian.sr.unh.edu:∼/calculations
scp ∼//file.pw.in ami3@vortex.unh.edu:∼/Trillian
copy file from another computer to the current computer:
scp ami3@trillian.sr.unh.edu:∼/calculations/file.pw.in ∼/Trillian
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Table L.2: Moving and manipulating using the command line.
COMMAND LINE:

PURPOSE:

cd calculations

change directory to calculations

cp file1.in file2.in

make a copy of file1 and call it file2

more file1.in

print out contents of file1

rm file1.in

delete file1

Table L.3: Useful vim editor commands for creating and editing text files, i.e. PWinput and
PWoutput files
COMMAND LINE:

PURPOSE:

vim [test.qsub]

opens test.qsub in vim editor

esc a

to enter text

esc dd

to delete whole line

esc :wq

to write then quit

esc:q!

to force quit

command v

to paste in something from somewhere else
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Table L.4: Useful commands to check the status of a calculation file [test.out] and determine
particular outputs quickly.
COMMAND LINE:

PURPOSE:

tail -f [test.out]

follows test.out file in terminal while it is
running, control-C to exit

grep keyword [test.out]

grep command prints lines that contain the
keyword in the file test.out

grep ! [test.out]

print total energy

grep scf [test.out]

print scf corrections

grep PWSCF [test.out]

print time calculation ran

grep max [test.out]

check max number steps reached

grep -A200 coordinates [test.out]

prints 200 lines after printing final coordinates

grep cycles [test.out]

prints number of scf cycles

grep Total [test.out]

prints total force
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Appendix M
Reference Materials
The following pages contain Reference Pages I created throughout my time at UNH.
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